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ABSTRACT 


An  auto  vehicle  that  can  take  off  and  land  vertically  is  envisioned  to  solve  current 
and  future  problems  of  road  congestion  by  utilizing  the  enormous  air  space  above  us. 
Crossflow  Fan  has  been  looked  into  in  the  past  to  serve  this  purpose  but  not  sufficient  to 
justify  its  capability  to  provide  enough  vertical  thrust  with  limited  power  and  space. 
Hence  more  in  depth  study  is  required  to  further  improve  the  thrust  efficiency  and  thrust 
to  power  ratio  to  a  point  where  this  thrust  producing  method  is  viable. 

A  12-inch  diameter,  1.5-inch  span,  30-blade  Cross  Flow  fan  test  apparatus  was 
constructed  and  tested  using  an  existing  Turbine  Test  Rig  (TTR)  as  a  power  source. 
Instrumentation  was  installed  and  a  data  acquisition  program  was  developed  to  measure 
the  performance  of  the  Crossflow  Fan.  Performance  measurement  was  taken  over  a 
speed  range  of  1,000  to  6,000  RPM. 

An  experiment  was  conducted  with  the  Crossflow  Fan  to  determine  among  other 
things  the  stalling  characteristics  of  the  compressor.  Performance  and  flow  visualization 
results  were  then  compared  to  predictions  obtained  from  2-D  numerical  simulation 
conducted  using  FI0++,  a  commercial  PC-based  computational  fluid  dynamics  software 
package  by  Softflo. 
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I.  INTRODUCTION 


A.  OVERVIEW 

As  the  world  population  increases,  road  congestion  will  become  increasingly 
prevalent.  It  is  commonly  believed  that  there  will  be  a  demand  for  personal  air  vehicles  in 
the  near  future.  Hence  a  vehicle  that  can  take  off  and  land  vertically  is  envisioned  to 
solve  this  problem  by  utilizing  the  enormous  air  space  above  us.  By  using  the  air  space,  a 
new  type  of  transportation  can  be  created  that  doesn't  rely  on  roads,  which  could  one  day 
make  traffic  jams  a  20th  century  relic.  In  the  past,  airplanes  and  automobiles  have 
changed  the  way  we  all  live  one  way  or  another.  The  advancement  of  technology  has 
made  vehicles  more  affordable  for  the  general  population  to  travel  in.  They  also  allowed 
the  population  to  move  farther  away  from  cities,  and  airplanes  have  cut  travel  time  to 
faraway  destinations  considerably.  Now  the  next  milestone  of  the  century  is  to  merge 
the  features  of  an  automobile  and  an  airplane,  in  short  what  is  needed  is  a  flying 
automobile. 

In  line  with  this  vision,  NASA’s  General  Aviation  Program  (GAP)  aims  to 
provide  doorstep  to  destination  travel  at  four  times  the  speed  of  highways  to  25  percent  of 
the  nation's  suburban,  rural,  and  remote  communities  by  2007  and  more  than  90  percent 
by  2022.  To  accomplish  this  goal  NASA  have  invested  in  the  revolutionary  technologies 
necessary  not  only  to  build  the  next  generation  of  vehicles  for  business  and  personal  air 
transportation  but  also  to  train  the  average  person  to  safely  operate  them.  To  bring  this 
type  of  transportation  capability  to  the  average  person,  the  vehicles  must  be  easier  and 
safer  to  operate  and  the  related  training  simplffied  and  reduced  in  cost  (both  in  time  and 
money).  Follow-on  investments  are  now  being  made  to  create  the  infrastructure,  referred 
to  as  the  Small  Aircraft  Transportation  System,  which  are  also  necessary  for  reaching 
NASA’s  goals  [Ref  1]. 

One  such  program  that  supports  NASA’s  GAP  is  the  development  of  civil 
alternatives  to  private  ground  transport;  the  intent  being  to  reduce  ground  traffic  by 
replacing  the  private  automobile  with  a  similarly-sized  and  purposed  vertical  takeoff  and 
landing  (VTOL)  vehicle.  This  would  serve  the  purpose  of  reducing  ground  traffic 

without  requiring  runways.  Some  might  argue  that  there  are  already  many  VTOL  aircraft 
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flying  in  the  form  of  helicopters,  which  obtain  their  vertical  lift  from  the  thrust  of  large 
rotors,  and  utilize  the  horizontal  force  for  forward  speed  from  the  horizontal  component 
of  the  rotor  thrust.  Due  to  the  way  a  helicopter  obtains  its  horizontal  thrust,  the  speed  is 
limited.  It  is  hence  desirable  for  a  VTOL  aircraft  to  achieve  what  the  helicopter  lags  in 
terms  of  speed.  Another  disadvantage  of  helicopter  is  the  higher  risk  for  potential 
property  and  body  damage  due  to  close  proximity  operations.  Likewise,  jet  engines  could 
create  a  serious  fire,  noise,  and  foreign  object  debris  hazard  when  used  outside  the 
controlled  atmosphere  of  the  conventional  runway.  It  also  has  the  additional  drawback  of 
being  prohibitively  expensive  to  purchase  and  maintain  in  relation  to  the  automobile's 
internal  combustion  engine.  Hence,  it  is  desirable  to  have  VTOL  designs  that  do  not 
incorporate  exposed  nor  hazardous  propulsion  systems  but  are  still  able  to  satisfy  the  high 
lift  and  flight  performance  requirement. 

The  main  objective  of  this  thesis  is  hence  targeted  at  evaluating  one  such  device, 
the  Crossflow  Fan  (CFF),  to  determine  an  optimal  configuration  that  is  suitable  for  this 
purpose.  CFFs  have  been  investigated  in  the  past  but  not  sufficient  to  justify  its  capability 
to  provide  enough  vertical  thrust  with  limited  power  and  space.  Despite  an  in-depth 
knowledge  of  the  design  parameters  and  airflow  relationships  in  the  crossflow  fan,  the 
existing  data  supports  the  hypothesis  that  with  further  development  the  thrust  efficiency 
and  thrust  to  weight  ratio  could  improve  to  a  point  where  this  thrust  producing  method  is 
viable. 

Experiments  were  conducted  using  the  existing  Crossflow  Fan  Test  Assembly 
(CFTA)  which  was  established  at  the  Naval  Postgraduate  School  Turbopropulsion 
Laboratory  [Ref  5].  In  the  present  study,  the  30-blade,  12  inch  diameter  and  1.5  inch 
span  CFF  was  used  to  determine  the  performance  characteristics  at  speeds  varying  from 
1,000  RPM  to  6,000  RPM.  At  each  of  the  speeds  measurements  taken  from  full  open 
throttle  to  stall.  Studies  of  different  cavity  configurations  for  the  CFTA  were  also  made. 

A  commercial  PC-based  computational  fluid  dynamics  software  package  by 
Softflo  Flo++,  was  used  to  conduct  a  2-D  numerical  simulation  on  the  CFF.  The  main 
aim  is  to  represent  the  numerical  model  as  close  to  the  actual  CFTA.  The  results  obtained 
from  the  numerical  runs  are  compared  to  those  obtained  from  experiment. 
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B.  BACKGROUND 

The  design  of  Vertieal  and  Short  Takeoff  (V/STOL)  aircraft  encompasses  a  broad 
and  diverse  range  of  complex  engineering  problems.  Research  and  development  of 
V/STOL  aircraft  have  produced  a  bewildering  variety  of  configurations,  as  illustrated  in 
Figure  1,  a  summary  compiled  in  1977  which  includes  only  vehicles  with  V/STOL 
capabilities.  The  most  challenging  task  of  designing  a  successful  V/STOL  aircraft  is  to 
conceive  of  a  configuration  that  can  achieve  optimal  thrust  to  weight  ratio  and  thrust  to 
power  (i.e.  efficiency)  [Ref  2]. 


Figure  1 .  V/STOL  Aircraft  Summary  (From  Ref.  2) 
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One  of  the  possible  propulsion  systems  for  V/STOL  aircrafts  is  a  CFF.  Back  in 
1975,  Vought  Systems  Division  (VSD)  (a  division  of  the  LTV  Aerospace  Corporation) 
was  awarded  a  12  month  contract  “Multi-Bypass  Ratio  Propulsion  System  Technology 
Development”  by  the  Naval  Air  Systems  Command  [Ref.  3].  The  main  objectives  were 
to  verify  the  performance  capabilities  of  the  Multi-Bypass  Ratio  (MBPR)  Propulsion 
System  through  additional  tests  of  the  CFF  and  to  conduct  studies  of  the  fan  structure  and 
fan  system.  VSD  designed,  constructed  and  tested  a  CFF  measuring  12  inches  in  diameter 
and  both  1.5  inches  and  12  inches  in  span  between  6,000  and  13,000  RPM  in  order  to 
establish  baseline  performance.  Several  configurations  of  a  typical  setup  as  shown  in  Fig. 
2  [Ref  3],  which  included  varying  the  shape  of  the  low  and  high  cavities,  different  blade 
designs  and  the  different  area  of  the  exhaust  outlet,  were  used  to  measure  the 
performance  of  the  CFF.  The  cavities  were  used  to  influence  the  recirculation  flow 
vortices  while  the  ratio  of  the  fan  inner  to  outer  radius  also  greatly  affected  the 
performance.  Even  though  extensive  tests  had  been  conducted  for  several  configurations, 
the  optimal  design  parameters  were  too  complex  to  be  determined.  In  this  project,  the 
experimental  setup  of  the  CFF  was  modeled  after  one  of  the  most  optimal  configurations 
determined  by  VSD. 
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INLET  ARC  105' 


Figure  2.  Typical  Fan  Housing  Setup  (From  Ref.  3) 


In  line  with  NASA’s  interest,  Naval  Postgraduate  School  (NPS)  Aeronautical 
Turbomachinery  Laboratory  was  tasked  to  pursue  the  CFF  in  more  detail.  A  thesis  was 
written  based  on  evaluating  the  performance  of  the  CFF,  similar  to  that  from  VSD, 
through  experiments  as  well  as  numerical  simulation  [Ref.  5].  A  speed  range  of  1,000  to 
6,000  RPM  was  covered  in  the  experiment.  Results  were  comparable  to  those  measured 
by  VSD.  The  highest  thrust-to-power  ratio  was  obtained  at  3,000  RPM.  Flow 
visualization  was  also  conducted  using  dye-injection  methods.  The  results  from  the 
experiment  were  then  compared  to  predictions  obtained  form  a  2D  numerical  simulation 
by  Flo++.  Seaton  [Ref  5]  was  only  able  to  model  a  15  bladed  rotor  and  an 
incompressible  solution  was  achieved  at  a  fan  speed  of  3,000  RPM  in  a  reasonable 
computational  time.  The  flow  fields  and  performance  parameters  predicted  were  similar 
to  those  obtained  from  the  experiments. 
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II.  EXPERIMENT  SETUP  AND  RESULTS 


A.  CROSSFLOW  FAN  DESIGN  AND  SETUP 

1.  Test  Rig 

The  Turbine  Test  Rig  (TTR)  at  the  Naval  Postgraduate  School  Turboprop lusion 
Laboratory  was  used  as  a  power  source  for  the  Crossflow  Fan  Test  Assembly  (CFTA). 
The  TTR  comprised  of  an  air  supply  system  and  associated  piping,  test  cell,  data 
acquisition  system,  and  the  turbine  from  Space  Shuttle  Main  Engine  HP  Fuel  Turbopump 
(SSME  HPETP).  The  air  supply  system  consisted  of  a  1,250  horsepower  (HP)  electric 
motor  which  drove  an  Allis  Chalmers  12  stage  axial  compressor  at  12,000  RPM  through 
a  gearbox.  The  compressor  was  capable  of  providing  10,000cubic  feet  per  minute  of  air  at 
a  maximum  pressure  of  SOpsig.  A  schematic  of  the  air  supply  system  is  shown  in  Eigure 
3. 

2.  Crossflow  Fan 

The  CFTA  was  modeled  closely  after  VSD  Multi-Bypass  Ratio  System  test 
assembly  #6  [Ref  3].  The  initial  set  of  tests  was  conducted  using  the  standard  CFTA 
configuration  as  described  in  [Ref.  5]  and  the  second  set  of  tests  was  done  with  the 
addition  of  an  in  inlet  bellmouth  and  exhaust  ducting  with  a  throttle  valve  at  the  exit.  The 
inlet  bellmouth  had  a  two-to-one  elliptic  section  with  a  throat  diameter  of  6.25  inch  and 
the  exhaust  was  constructed  out  of  a  PVC  pipe  and  throttling  valve. 

The  fan  rotor  was  assembled  from  a  machined  disc  with  30  rotor  blades  and  a 
retaining  ring  as  shown  in  Figure  4.  The  rotor  disc  was  then  secured  to  the  drive  shaft  via 
three  countersunk  screws. 
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Figure  3.  Schematic  Layout  of  Air  Supply  System  (From  Ref  5) 
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Figure  4.  Fan  Rotor  (From  Ref.  5) 

The  CFTA  front  plate  provided  for  the  replaeement  of  the  aluminum  plate  with  a 
Plexiglas  viewing  window.  Both  the  options  contained  inner  blanks  that  could  be  rotated 
to  provide  for  alternate  positioning  of  pressure/temperature  probes  and/or  dye  injectors. 
The  cavity  components  and  exhaust  duct  wall  were  secured  in  place  between  the  CFTA 
front  and  back  plates.  Figure  5  shows  the  partially  assembled  CFTA  and  Figure  6  shows 
the  complete  standard  baseline  assembly  used  for  the  initial  setup  of  tests. 


Figure  5.  Partially  Assembled  CFTA  (From  Ref  5) 
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Figure  6.  CFTAl  for  Test  Plan  1 

For  the  second  set  of  tests  conducted,  a  bellmouth  was  bolted  to  a  wood  and 
aluminum  plenum  chamber  which  was  constructed  around  the  inlet  of  the  CFF  as  shown 
in  Figure  7.  The  purpose  of  the  bellmouth  was  to  meter  the  air  mass  flow  rate  into  the 
system.  Three  static  pressure  taps  were  placed  around  the  throat  of  the  bellmouth  in  order 
to  measure  static  pressure  which  in  turn  was  used  to  calculate  mass  flow  rate.  The 
exhaust  outlet  was  extended  with  a  6.25  inch  diameter,  25  inch  long  PVC  pipe.  A  throttle 
control,  as  shown  in  Figure  7,  was  installed  at  the  end  of  the  PVC  pipe.  The  main  purpose 
of  this  throttle  was  to  vary  the  mass  flow  rate  and  hence  the  other  performance 
parameters  in  order  to  obtain  the  characteristic  curves  of  the  CFF  at  different  speeds. 
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Figure  7.  CFTA2  for  Test  Plan  2 


B.  CONTROLS  AND  INSTRUMENTATION 

The  TTR  and  CFTA  were  operated  from  the  eontrol  station  as  shown  in  Figure  8. 
The  air  flow  to  the  turbine  was  controlled  from  the  operator’s  console  by  activating  an 
electric  valve  in  the  test  cell.  Two  thermocouples  were  used  to  measure  the  bearing 
temperatures  to  ensure  that  they  don’t  overheat  and  hence  causing  seizure.  Two 
accelerometers  were  also  used  to  monitor  the  vibration  levels  on  the  TTR  and  CFTA. 
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Instrumentation  for  data  eollection  consisted  of  several  combination 
pressure/thermocouple  probes  and  static  pressure  taps  to  capture  the  information  for  data 
reduction. 

Three  static  pressure  probes  were  installed  around  the  neck  of  the  bellmouth, 
which  was  used  in  the  final  set  of  tests,  as  shown  in  Figure  9  and  known  as  Pnozl,  Pnoz2 
and  Pnoz3.  Two  combination  probes  were  placed  at  approximately  10  o’clock  and  2 
o’clock  positions  viewed  from  the  front  as  shown  in  Figure  9  known  as  T1  and  T2.  Three 
combination  probes,  as  shown  in  Figure  11  and  known  as  T3,  T4  and  T5,  were  installed 
in  the  exhaust  duct  to  detect  the  total  pressure  and  temperature  profiles  along  the 
centerline  of  the  exit.  The  12  inch  diameter  static  pressure  taps  (Pa  through  Pl  in  Figure 
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9)  were  drilled  normally  into  the  eavities  and  exhaust  duet  walls..  Instrument 
nonmenelature  is  provided  in  Table  1. 


Probe/Tap 

Type 

Nomenclature 

T1 

Combo 

Pin  CFF  /  Tin  CFF  (10)  o’clock) 

T2 

Combo 

Pin  CFF  /  Tin  CFF  (2)  o’clock) 

T3 

Combo 

Pont  CFF /Tont  CFF  (Top) 

T4 

Combo 

Pont  CFF /Tnn,  CFF  (Mid) 

T5 

Combo 

PontCFF/TontCFF  (Bot) 

T6 

Combo 

Pnoz  1  CFF  at  neck  of  bellmouth 

T7 

Combo 

Pnoz2  CFF  at  neck  of  bellmouth 

T8 

Combo 

Pnoz  3  CFF  at  neck  of  bellmouth 

A 

Static 

Pa 

B 

Static 

Pb 

C 

Static 

Pc 

D 

Static 

Pd 

E 

Static 

Pe 

F 

Static 

Pf 

G 

Static 

Pg 

H 

Static 

Ph 

I 

Static 

Pi 

J 

Static 

Pj 

K 

Static 

Pk 

L 

Static 

Pl 

Table  1 .  Combo  Probe  /  Pressure  Tap  Nonmenelature 
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Figure  9.  Combo  Probes  and  Pressure  Taps  Layout 

C.  DATA  ACQUISITION  SYSTEM 
1.  Hardware 

A  full  deseription  of  the  data  aequisition  system  ean  be  found  in  [Ref  5].  The 
system  hardware  layout  is  shown  in  Figure  10.  Table  2  lists  the  Seanivalve  port 
assignments  for  the  pressure  lines  and  Table  3  lists  the  thermoeouple  multiplexer  ehannel 
assignments  for  thermoeouple  lines. 
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Port  # 

Type 

Nomenclature 

1 

Patmos 

2 

Static 

PcAL 

3 

Total 

PinTTR  (5  o’clock) 

4 

Total 

PoutTTR 

5 

Total 

PinTTR  (8  o’clock) 

6 

Total 

PinCFF  (2  o’clock) 

7 

Total 

PinCFF  (10  o’clock) 

8 

Total 

PoutCFF  (Top) 

9 

Total 

PoutCFF  (Mid) 

10 

Total 

PoutCFF  (Bot) 

11 

Static 

Pa 

12 

Static 

Pb 

13 

Static 

Pc 

14 

Static 

Pd 

15 

Static 

Pe 

16 

Static 

Pf 

17 

Static 

Pg 

18 

Static 

Ph 

19 

Static 

Pi 

20 

Static 

Pj 

21 

Static 

Pk 

22 

Static 

Pl 

24 

Static 

Pnozl 

25 

Static 

P  2 

26 

Static 

Pnoz3 

32 

Static 

Pm 

33 

Static 

Pi„(Flange) 

34 

Static 

Pout(Flange) 

35 

Static 

Pout(Vena) 

Table  2.  Scanivalve  Port  Assignments 
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Figure  10.  Data  Acquisition  System  Layout  (From  Ref.  5) 


Multiplexer  Channel 

Nomenclature 

6 

TinCFF  (2  o’clock) 

8 

TinCFF  (10  o’clock) 

9 

Ti„TTR  (8  o’clock) 

10 

Ti„TTR  (5  o’clock) 

11 

ToutTTR 

12 

TinOrifice 

13 

To,,CFF  (Bot) 

14 

To^CFF  (Mid) 

15 

To„.CFF  (Top) 

Table  3.  Thermocouple  Scanning  Multiplexer  Channel  Assignments  (From  Ref.  5) 
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2,  Software 

The  data  obtained  from  all  the  probes  were  reeorded  by  a  software 
program  written  in  HPVEE.  A  routine  was  created  in  [Ref.  5]  and  used  to  capture, 
calculate  and  output  all  the  parameters  required  to  study  the  CEE  performance.  An 
example  of  the  Elser  Control  Panel  is  shown  in  Eigure  1 1 . 


Eigure  1 1 .  HPVEE  User  Control  Panel  (Prom  Ref.  5) 

D.  TEST  PLAN 

1,  Test  Plan  1  -  Baseline  Configurations 

The  test  assembly  used  for  these  tests  was  shown  in  Eigure  6.  Pour  configurations 
were  chosen  for  evaluation,  which  was  a  similar  setup  used  in  [Ref.  5].  The  four 
configurations  tested  were  a  permutation  between  opening  and  closing  the  low  pressure 
(EP)  and  high  pressure  (HP)  cavities.  The  main  objective  was  to  understand  the 
difference  in  performance  between  the  four  configurations  namely; 

•  Both  cavities  opened 

•  Both  cavities  closed 

•  EP  cavity  closed  and  the  HP  cavity  opened 

•  HP  cavity  closed  and  the  EP  cavity  opened 
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With  these  four  eonfigurations,  the  CFF  was  run  at  five  speeds  starting  from 
1,000  RPM  up  to  5,000  RPM  in  1,000  RPM  intervals.  Pressure  and  temperature  values 
were  recorded  at  every  speed.  Primary  data  reduction  was  carried  out  in  the  HPVEE 
acquisition  program. 

A  detailed  discussion  on  the  equations  used  to  derive  the  performance  parameters 
were  discussed  in  [Ref  5].  Some  of  the  more  important  equations  are  as  follows: 


The  total-to-total  pressure  ratio  and  temperature  ratio  for  the  CEE  are  given  by 


^  CFF 


P 

^  out,CFF(avg) 

P 

^  inXFF{avg) 


and 


T 

_  ^  out,CFF{avg) 

'^CFF  -  ~ 

^  in, CFF (avg) 


(1) 


where  Pout.CFF,(avg)  and  Tout,CFF,(avg)  are  the  average  total-to-total  pressures  and 
temperatures  of  the  three  CEE  exhaust  duct  combination  probes  T3,  T4  and  T5.  Pm  cFF(avg) 
and  Tm,cFF,(avg)  are  the  average  total-to-total  pressures  and  temperatures  of  the  two  CEE 
inlet  combination  probes  T1  and  T2. 


Compression  efficiency  through  the  CEE  was  calculated  from  the  values  found  in 
(1)  above,  using  the  isentropic  efficiency: 


dcFF  ■ 


n 


Y 

CFF 


-1 


'^CFF  1 


(2) 


assuming  y  =  1-4. 

CEE  performance  values  were  corrected  to  standard  atmospheric  conditions,  such 

that: 


m  —  YFL -  N  — - 

'"'corr  ^  ’ 


HP^^ 


HP 

54e 


(3) 


where  m  is  the  mass  flow  rate  in  Ibm/sec,  N  is  fan  speed  in  RPM,  HP  is  the  horse  power, 
T.  P. 

0  =  ^  and  S  =  and  Pre/^QVQ  standard  atmospheric  temperature 

'^ref  Fef 

(518.7  °R)  and  pressure  (29.92  inHg),  respectively. 
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2,  Test  Plan  2  -  Throttling  Studies 

The  test  assembly  used  for  this  test  was  shown  in  Figure  7.  Two  eonfigurations 
were  evaluated.  The  first  eonfiguration  had  both  the  LP  and  HP  eavities  open  (baseline 
geometry)  and  the  seeond  eonfiguration  had  both  the  eavities  blanked  off. 

With  these  two  eonfigurations,  the  CFF  was  ran  at  five  speeds  starting  from  2,000 
RPM  up  to  6,000  RPM  in  1,000RPM  interval.  At  every  speed,  the  exhaust  throttle  was 
elosed  slightly  to  simulate  a  baek  pressure  on  the  CFF.  A  total  of  eight  positions  were 
tested  for  every  speed  line.  By  doing  so,  the  eompressor  performanee  map  for  the  CFF 
eould  be  obtained.  Table  4  shows  the  test  matrix  for  the  whole  experiment. 


Eight  Throttling 
Positions 


Both  Cavities  Opened 


Both  Cavities  Closed 


Fully  opened 
Throttle 


Partially  opened 
Throttle 


Maximum 
Throttle  elosure 


2,000RPM 


3,000RPM 


4,000RPM 


5,000RPM 


6,000RPM 


Table  4.  Experimental  Test  Matrix  for  Test  Plan  2 


Seaton  [Ref.  5]  used  the  three  exit  plane  eombination  probes  to  ealeulate  the  mass 
flow  rate  through  the  CEE  by  integrating  the  veloeity  profile  obtained  by  only  three 
measurement  points.  In  the  present  study,  the  inlet  bellmouth  was  added  to  give  a  more 
aeeurate  measurement  of  inlet  flow  whieh  is  one  of  the  standard  ways  of  obtaining  mass 
flow  rate. 
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E.  RESULTS  AND  DISCUSSION 
1,  Test  Plan  1 

a.  Discussion  on  Performance  Plots 

Performance  data  were  plotted  and  analyzed  for  the  four  CFF 
configurations  tested.  These  plots  included  total-to-total  pressure  versus  corrected  mass 
flow  rate,  total-to-total  temperature  versus  corrected  mass  flow  rate,  efficiency  versus 
speed,  corrected  mass  average  mass  flow  versus  corrected  speed,  corrected  mass 
averaged  power  versus  speed,  thrust  versus  corrected  speed  and  corrected  thrust  versus 
power.  The  plots  were  illustrated  from  Figure  12  to  Figure  18. 

Figure  12  shows  a  plot  of  total-to-total  pressure  versus  corrected  mass 
flow  rate  for  the  four  configurations  tested.  We  observed  that  t-t  pressure  increased  at  an 
increasing  rate  with  mass  flow  rate  and  other  than  the  both  cavities  closed  configuration, 
all  the  other  three  curves  collapsed  onto  one  curve.  The  highest  t-t  pressure  of  1.17  was 
achieved  at  a  mass  flow  rate  of  1.8  Ibm/s,  speed  of  5,000  RPM  with  the  both  cavities 
opened  configuration.  The  LP  cavity  opened,  HP  cavity  closed  configuration  follows  the 
above  mentioned  curve  closely. 


Figure  12.  T-T  Pressure  Ratio  versus  Corrected  Mass  Flow  Rate 
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Figure  13  shows  a  plot  of  total-to-total  temperature  versus  eorreeted  mass 
flow  rate  for  the  four  eonfigurations  tested.  The  trends  of  the  eurves  are  similar  to  that  of 
Figure  12.  Both  eavities  opened  eonfiguration  was  slightly  above  the  three  eurves  and 
henee  had  larger  t-t  temperature  values  for  the  same  mass  flow  rate.  And  this  value  was 
1.068  aehieved  at  a  mass  flow  rate  of  1.8  Ibm/s,  speed  of  5,000  RPM. 


Figure  13.  T-T  Temperature  Ratio  versus  Correeted  Mass  Flow  Rate 

Figure  14  shows  a  plot  of  effieieney  versus  eorreeted  speed  for  the  four 
eonfigurations  tested.  The  effieieneies  were  in  the  region  of  66%  to  74%  for  all  the  four 
eonfigurations  between  speeds  of  3,000  RPM  and  5,000  RPM.  The  effieieneies  dropped 
drastieally  when  the  speed  was  redueed  from  3,000  RPM  to  1,000  RPM.  The  lowest 
effieieney  of  0.22  was  seen  with  the  both  eavities  opened  eonfiguration.  As  diseussed 
before,  the  t-t  temperature  ratio  for  this  eonfiguration  was  higher  than  the  rest.  And  sinee 
t-t  temperature  ratio  has  an  inverse  relation  with  effieieney,  the  efficiency  for  this 
configuration  was  the  lowest  compared  to  the  other  configurations.  The  highest  efficiency 
occurred  for  the  LP  cavity  closed  configuration  between  speed  of  3,000  RPM  and  5,000 
RPM. 
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Figure  15  shows  a  plot  of  corrected  mass  flow  rate  versus  corrected  speed 
for  the  four  configurations  tested.  As  expected,  the  mass  flow  rate  was  directly 
proportional  to  the  speed  as  shown  by  the  linear  curves. 


Figure  14.  Efficiency  versus  Corrected  Speed 
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Figure  15.  Corrected  Mass  Flow  Rate  versus  Corrected  Speed 


22 


Figure  16  shows  a  plot  of  corrected  mass  averaged  power  versus  corrected 
speed  for  the  four  configurations  tested.  The  mass  average  power  increased  at  an 
increasing  rate  with  corrected  speed  for  all  the  configurations.  This  phenomenon 
indicated  that  as  the  rotor  speed  was  increased  to  obtain  more  thrust,  the  unit  power 
consumption  also  increased.  Hence  operating  at  high  rotor  speed  might  not  be  advisable. 


Figure  16.  Corrected  Mass  Averaged  Power  versus  Corrected  Speed 


Figure  17  shows  a  plot  of  corrected  thrust  per  foot  span  versus  corrected 
speed  for  the  four  configurations  tested.  The  maximum  thrust  occurred  at  5,000  RPM  for 
the  both  cavities  opened  configuration. 
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Corrected  Speed  (RPM) 


Figure  17.  Corrected  Thrust  versus  Corrected  Speed 


Figure  18  shows  a  plot  of  corrected  thrust  per  foot  span  versus  corrected 
power  for  the  four  configurations  tested.  Other  than  the  both  cavities  opened 
configurations  curve,  the  other  three  curves  fall  onto  the  same  line.  The  curves  also 
increased  at  a  decreasing  rate  and  hence  suggesting  that  the  amount  of  thrust  obtained  per 
unit  power  increased  with  speed.  This  phenomenon  only  occurred  after  3,000  RPM. 


Figure  18.  Corrected  Thrust  versus  Corrected  Power 


24 


b.  Flow  Visualization 

Flow  visualization  was  conducted  with  the  aim  of  understanding  the  major 
flow  features  in  the  CFF.  In  Figure  19,  the  visualization  due  to  three  dyes  injected  in  the 
left,  center,  and  right  ports  of  the  Plexiglas  inner  blank  for  the  both  cavities  opened 
configuration  was  shown  [Ref.  5].  All  flow  visualization  was  performed  at  a  rotational 
speed  of  3,000  RPM.  The  picture  shows  the  re-circulating  streamlines  inside  the  fan  core 
and  the  centre  of  vortex  at  the  LP  cavity.  Figure  20  shows  the  flow  visualization  for  the 
both  cavities  closed  configuration.  The  centre  of  vortex  became  smaller  and  its  location 
had  shifted  downwards  compared  to  that  from  Figure  19. 


Figure  19.  Flow  Visualization  for  Both  Cavities  Opened  Configuration 
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Figure  20.  Flow  Visualization  for  Both  Cavities  Closed  Configuration 


2,  Test  Plan  2 

a.  Discussion  of  Performance  Plots 

Performance  data  were  plotted  and  analyzed  for  the  two  CFF 
configurations  tested.  These  plots  included  total-to-total  pressure  versus  corrected  mass 
flow  rate,  total-to-total  temperature  versus  corrected  mass  flow  rate,  efficiency  versus 
corrected  mass  flow  rate,  corrected  thrust  per  unit  foot  of  span  versus  corrected  mass 
flow  rate,  corrected  thrust  per  unit  foot  of  span  versus  corrected  mass  averaged  horse 
power  (HP)  and  corrected  mass  average  HP  versus  corrected  mass  flow  rate.  The  plots 
were  illustrated  from  Figure  21  to  32. 

Starting  from  full  open  on  the  throttle,  for  each  speed,  the  total  pressure 
dropped  as  the  mass  flow  rate  was  decreased  as  shown  in  Figure  21.  This  characteristic  is 
similar  to  centrifugal  compressors  which  have  forward  swept  vanes.  For  the  baseline  case 
the  characteristic  started  out  relatively  fiat  and  then  increased  in  slope  as  the  fan  was 
taken  into  stall  (the  last  point  on  the  curve).  In  contrast,  the  configuration  with  the 
cavities  blanked  off  exhibited  nearly  linear  behavior  with  throttling  over  the  whole  speed 
range  tested  as  shown  in  Figure  22.  This  configuration  produced  a  slightly  lower  peak 
pressure  ratio  (1.23  versusl.27)  and  mass  flow  rate  (2.241bm/sec  versus2.381bm/sec)  at 
6,000  RPM  than  the  baseline  configuration. 
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Similarly,  the  temperature  ratio  for  the  baseline  configuration  as  shown  in 
Figure  23  showed  a  non-linear  behavior  when  compared  to  the  blanked  off  configuration 
Figure  24,  particularly  for  the  two  highest  speed  lines  of  5,000  and  6,000  RPM. 
Maximum  temperature  ratios  of  approximately  1.1  and  1.085  were  achieved  at  mass  flow 
rates  of  2.4  Ibm/s  and  2.25  Ibm/s  respectively  at  the  6,000  RPM  for  baseline 
configuration  and  that  with  both  cavities  blanked  off 

From  the  efficiency  formula  (2),  which  is  a  function  of  both  pressure  and 
temperature  ratios,  the  efficiency  versus  corrected  mass  flow  rate  plots  were  obtained  as 
shown  in  Figure  25  and  26.  The  sharp  increase  in  temperature  ratio  across  the  baseline 
configuration  at  stall  resulted  in  a  sharp  drop  in  efficiency  at  stall  from  a  peak  value 
around  70%  to  below  30%  and  interestingly  all  the  speed  lines  tend  to  converge  to  the 
same  point.  The  configuration  with  the  cavities  blanked  off  had  a  slightly  higher  peak 
efficiency  in  the  mid  70%  range  which  did  not  decrease  as  noticeably  near  stall.  The 
drastic  drop  in  efficiency  is  known  to  be  the  stall  condition  for  the  CFF.  It  seemed  that 
the  dropped  in  efficiency  during  stall  was  more  drastic  for  the  baseline  configuration 
compared  to  both  cavities  blanked  off  as  seen  from  the  efficiencies  values  at  the  region  of 
0.6  Ibm/s  to  0.8  Ibm/s.  This  meant  that  the  baseline  configuration  was  more  sensitive  to 
the  change  in  mass  flow  rate  compared  to  the  blanked  off  configuration. 
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Figure  21 .  T-T  Pressure  Ratio  versus  Corrected  Mass  Flow  Rate  for  Baseline 

Geometry 
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Figure  22.  T-T  Pressure  Ratio  versus  Correeted  Mass  Flow  Rate  of  Baseline 

Geometry  for  Both  Cavities  Blanked  Off 
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Figure  23. 


T-T  Temperature  Ratio  versus  Corrected  Mass  Flow  Rate  for  Baseline 

Geometry 
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Figure  24. 


Figure  25. 


T-T  Temperature  Ratio  versus  Corrected  Mass  Flow  Rate  of  Baseline 
Geometry  for  Both  Cavities  Blanked  Off 
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Efficiency  versus  Corrected  Mass  Flow  Rate  for  Baseline  Geometry 
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Figure  26.  Efficiency  versus  Corrected  Mass  Flow  Rate  for  Both  Cavities  Blanked 

Off 


The  thrust  per  foot  span  versus  mass  flow  rate  plot  for  the  baseline 
configuration,  as  shown  in  Figure  27,  almost  collapsed  onto  a  single  curve,  which 
surprisingly  was  the  case  for  the  configuration  with  the  blanked  cavities  as  shown  in 
Figure  28.  This  indicated  that  the  same  thrust  could  be  obtained  with  the  fan  operating  at 
5,000  RPM  at  full  open  throttle  versus  the  rotor  turning  at  6,000  RPM  at  partial  mass 
flow  rate.  However,  the  5,000  RPM  operation  was  at  a  reduced  power  consumption  of 
25HP  versus  35HP  at  6,000  RPM.  The  maximum  thrust  per  foot  span  obtained  for  the 
baseline  configuration  was  3701bf  at  2.4  Ibm/s  while  the  maximum  thrust  per  foot  span 
obtained  for  both  blanked  off  configuration  was  340  Ibf  at  2.25  Ibm/s. 

The  corrected  mass  averaged  HP  versus  corrected  mass  flow  rate  plots,  as 
shown  in  Figure  29  and  30,  had  similar  curve  profiles  as  the  thrust  to  mass  flow  rate  plots 
except  that  they  do  not  collapse  onto  a  single  curve.  Peak  power  consumption  obtained 
for  the  baseline  was  42HP  at  2.41bm/s  and  the  peak  power  consumption  obtained  for  the 
configuration  with  both  cavities  blanked  off  was  35HP  at  2.251bm/s. 

The  thrust  per  foot  span  versus  corrected  mass  averaged  power  is  shown  in 
Figure  31  and  32.  The  maximum  thrust-to-power  ratio  (Ibf/hp)  for  the  baseline 
configuration  was  27.3  at  2,000  RPM  and  open  throttle,  which  decreased  to  9.0  at  6,000 
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RPM.  These  values  were  slightly  up,  31.2  and  9.9  respectively,  for  the  blanked-off 
configuration.  The  conclusion  here  being  that  if  vertical  lift  thrust  is  required  for 
minimum  power  consumption,  then  slow  rotor  operation  is  required. 
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Figure  27. 


Corrected  Thrust  versus  Corrected  Mass  Flow  Rate  for  Baseline  Geometry 
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Figure  28.  Corrected  Thrust  versus  Corrected  Mass  Flow  Rate  for  Both  Cavities 

Blanked  Off 
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Figure  29. 


Figure  30. 


Corrected  Mass  Average  Power  versus  Corrected  Mass  Flow  Rate  for 
Baseline  Geometry 
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Corrected  Mass  Average  Power  versus  Corrected  Mass  Flow  Rate  for 
Both  Cavities  Blanked  Off 
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Figure  3 1 .  Corrected  Thrust  versus  Corrected  Mass  Average  Power  for  Baseline 

Geometry 


Figure  32.  Corrected  Thrust  versus  Corrected  Mass  Average  Power  of  Baseline 

Geometry  for  Both  Cavities  Blanked  Off 


b.  Flow  Visualization  for  Both  Cavities  Blanked  Off  Configuration 

It  was  of  interest  to  understand  the  changes  in  flow  patterns  within  the 
rotor  with  changes  in  mass  flow.  As  the  flow  through  the  fan  was  throttled,  in  this  case  at 
3,000  RPM,  the  following  changes  were  observed,  shown  in  Figures  33  and  34.  At  peak 
efficiency  as  shown  in  Figure  33,  the  streamline  through  the  centre  of  the  rotor  were  well 
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behaved  i.e.  curved  towards  the  exit.  There  was  a  small  vortex  located  in  the  lower  left 
hand  portion  of  the  rotor  outside  the  LP  cavity.  At  stall  as  shown  in  Figure  34,  the  extent 
of  the  vortex  had  grown  to  encompass  most  of  the  centre  of  the  rotor.  The  streamline 
patterns  were  also  very  irregular  indicating  that  the  flow  was  more  unsteady. 


Figure  33 .  Flow  Visualization  at  Peak  Efficiency  at  3,000  RPM 
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III.  NUMERICAL  SIMULATION 


A,  CROSSFLOW  FAN  DESIGN  AND  SETUP 

1,  Overview 

A  commercial  PC-based  computational  fluid  dynamics  software  package  FI0++ 
developed  by  Softflo,  was  used  to  conduct  a  2-D  numerical  simulation  on  the  CFF.  The 
0.305  m  (12  inch)  diameter  and  30  bladed  CFF,  similar  to  that  used  during  the 
experimental  program,  was  modeled  and  ran  at  a  speed  of  3000  RPM.  Incompressible 
and  turbulent  flow  using  a  time  marching  upwind  differencing  modified  PISO  algorithm 
was  used  to  solve  the  unsteady  flow  through  the  CFF.  For  turbulent  flow  calculations  the 
high  Reynolds  number  k-s  model  was  incorporated.  Sliding  meshes  were  used  to  model 
moving  or  rotating  boundaries. 

2,  Grid  Generation  and  Boundary  Conditions 

Grid  generation  for  the  CFF  model  was  initiated  with  a  Matlab  code  to  generate 
the  coordinates  of  the  blade  profile  as  shown  in  Figure  35.  After  which  the  coordinates 
text  file  was  read  into  the  FI0++  preprocessor  and  used  to  create  the  complete  rotor  of  the 
CFF.  A  more  detail  discussion  of  the  grid  can  be  found  in  [Ref  5].  Although  Seaton 
generated  a  15  bladed  configuration  versus  a  30  blade  configuration  in  this  report,  the 
setup  procedure  was  almost  similar. 


Figure  35.  Matlab  Generated  Blade  and  Blade  Passage  Vertices 


Figures  36  and  37  show  the  2-D  computational  grid  and  boundary  groups  for  the 
CFF  respectively.  The  boundaries  used  included  inlet  (purple),  outlet(yellow),  walls 
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(white),  and  attached  (orange  and  blue).  The  boundaries  of  type  attached  were  used  for 
sliding  meshes  where  two  group  of  grids  slid  against  each  other.  The  inlet  and  outlet 
boundary  conditions  were  set  to  (0.97  bar  and  300K)  and  (Ibar  and  300K)  respectively. 
The  reason  for  creating  a  pressure  gradient  was  to  bring  the  flow  into  the  fan  on  the  onset 
of  the  solution  and  thus  assisting  the  solver  computation  in  the  initial  stage.  A  total  of 
58,600  vertices  and  27,130  cells  were  used. 

The  time  step  was  set  at  ‘Adjustable’  such  that  the  program  would  automatically 
adjust  the  time  step  in  order  to  meet  the  criteria  of  the  specified  Courant  number  courant 
i.e.  1.0  in  our  case.  If  the  newly  calculated  time  step  was  bigger  than  the  Courant  criteria, 
a  time  step  adjustment  was  made  to  specified  Courant  number.  When  stable,  the  previous 
time  step  was  increased  with  the  ratio  of  1.5.  This  method  ensured  that  the  solution  was 
always  running  at  an  optimal  time  step  i.e.  smaller  time  step  used  at  the  start  up  and 
bigger  time  step  used  when  the  solution  was  more  stable.  As  the  time  step  was  varying, 
predicting  the  time  for  the  solution  to  turn  one  revolution  could  only  be  done  by 
observing  the  real  run  time.  It  also  depended  on  the  speed  of  the  computer  running  the 
simulation.  By  running  on  a  Pentiumd  2.4  GHz,  the  estimated  time  taken,  based  on  the 
configuration  as  described  above,  to  run  one  revolution  was  2  days. 


Figure  36. 


Complete  CFF  Baseline  Assembly  Computational  Grid 
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Figure  37.  Boundary  Groups 


B.  RESULTS  AND  DISCUSSION 

1,  Baseline  Configuration 

The  main  objective  of  studying  the  baseline  configuration  was  to  compare  the 
computational  results  with  the  experiment.  Figure  38  shows  the  contour  plot  of  the  total 
pressure  for  the  model.  The  figure  illustrates  the  solution  after  eight  revolutions  which 
were  assumed  to  be  stable  based  on  the  convergent  behavior  of  the  total-to-total  pressure 
ratio  versus  no.  of  revolutions  plots  as  shown  in  Figure  39.  This  showed  that  the  solution 
only  converged  from  the  fourth  revolution  onwards  and  any  information  before  that  was 
not  useful.  Eight  revolutions  corresponded  to  138,900  iterations  at  an  average  time  step 
of  approximately  1.1  x  10'^  sec.  The  re-circulation  of  flow  vortices  in  both  cavities  were 
observed  to  be  similar  to  those  obtained  from  experiment.  The  lowest  pressure  occurred 
at  locations  just  outside  the  left  cavity,  which  justifies  its  name  as  the  Low  Pressure 
Cavity.  The  predicted  total  pressure  ratio  for  this  case  was  1.033  versus  the  measured 
value  of  1.061.  Figure  40  shows  the  behavior  of  the  mass  flow  rate  with  no.  of 
revolutions.  The  trend  of  the  curve  follows  that  of  Figure  39  closely.  The  predicted  mass 
flow  rate  was  1.0  Ibm/sec  versus  the  measured  value  of  1.08  Ibm/sec.  Grid  resolution  and 
turbulence  model  and  the  difficulty  of  computing  the  flow  details  between  rotor  and 
housing  are  likely  reasons  for  the  lack  of  agreement  with  experiment. 
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Figure  38.  Contour  Plot  of  Total  Pressure  at  Eighth  Revolution 


Figure  39.  Total  Pressure  Variation  with  Number  of  Revolutions  during  the 

Computational  Simulation 
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Figure  40.  Mass  Flow  Rate  with  Number  of  Revolutions  during  the  Computational 

Simulation 


Figure  41  shows  a  contour  plot  of  velocity  magnitude  for  the  eighth  revolution 
solution,  which  also  showed  the  two  re-circulating  flow  vortices.  The  velocity  was 
observed  to  be  higher  in  the  LP  cavity  compared  to  that  with  the  HP  cavity.  The  predicted 
exit  velocity  was  about  84  m/s  which  was  supported  by  an  experimental  value  of  94  m/s. 
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Figure  41 .  Contour  Plot  of  Velocity 
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The  vortical  flow  features  of  the  two  cavities  are  displayed  in  more  detail  in  Figures  42 
and  43,  which  are  very  similar  to  those  observed  during  the  flow  visualization 
experiments. 
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Figure  42.  Vector  Plot  of  Velocity  in  the  LP  Cavity 
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Figure  43. 


Vector  Plot  of  Velocity  in  the  HP  Cavity 
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2,  Throttling  Configuration 

The  main  objective  of  studying  the  CFF  configurations  with  varying  exhaust 
outlet  area  was  to  attempt  to  derive  the  compressor  characteristics  for  3,000  RPM.  In 
other  words,  the  stalling  characteristics  of  the  CFF  was  obtained  at  a  speed  that  was 
found  to  be  most  efficient.  It  was  also  to  understand  the  off-design  characteristics  of  the 
CFF  that  were  more  difficult  to  predict  and  normally  measured  experimentally.  The 
preprocessing  files  were  modified  from  the  baseline  configuration  to  include  varying 
exhaust  outlet  area. 

The  baseline  configuration,  with  the  original  exhaust,  was  defined  as  the  El 00% 
configuration  and  subsequent  reductions  of  exhaust  area  were  defined  as  E**%  i.e. 
E90%  meant  a  CEE  with  90%  exhaust  area.  A  total  of  6  CEE  configurations,  ranging 
from  E50%  to  El 00%  were  computed. 

The  results  for  the  6  configurations  of  different  exhaust  area  were  computed  for 
the  4**^,  4.5*  and  5*  revolution.  The  total-to-total  pressure  ratio  versus  mass  flow  rate  was 
plotted  as  shown  in  Eigure  44.  The  pressure  ratio  was  observed  to  rise  to  a  peak  value  of 
about  1.037  at  between  E70%  and  E80%  with  a  mass  flow  rate  of  0.62  Ibm/s  and  0.7 
Ibm/s  respectively  before  it  fell  at  stall.  The  slight  difference  in  the  shape  of  the  three 
curves  was  due  to  the  fact  that  the  solution  was  still  fluctuating  and  had  not  reached  a 
steady  state  yet  as  shown  in  Eigure  39  and  40. 

Next  let  us  take  a  look  at  the  pressure  flow  field  for  El 00%  E80%  (peak 
efficiency)  and  E60%  (stall)  configuration  at  4.5  revolutions  as  shown  in  Eigure  45,  46 
and  47  respectively.  We  observed  that  the  vortex  built  up  (grew  bigger)  on  the  low 
pressure  (EP)  side  as  the  exhaust  area  was  reduced.  This  was  due  to  the  back  pressure 
from  the  smaller  exhaust  outlet  and  also  an  indication  of  stall. 
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Figure  44.  Pressure  Plot  for  CFF  at  3,000  RPM 


Figure  45.  Contour  Plot  of  Total  Pressure  for  Baseline  Configuration  at  4.5 

Revolution 
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Figure  46. 


Figure  47. 
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Contour  Plot  of  Total  Pressure  for  E80%  (Peak  Efficiency)  at  4.5 

Revolution 


Contour  Plot  of  Total  Pressure  for  E60%  Configuration  at  4.5  Revolution 
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IV.  CONCLUSION 


The  Crossflow  Fan  Test  Assembly  (CFTA),  whieh  was  eonstrueted  to  validate  the 
experimental  tests  eondueted  by  Vought  Systems  Division  and  Seaton  [Ref  5.],  was  used 
as  the  baseline  eonflguration  in  this  thesis.  Improvements  sueh  as  including  a  bellmouth 
to  the  air  intake  were  made  to  the  CFTA  in  order  to  achieve  more  accurate  mass  flow  rate 
readings. 

Two  main  test  programs  were  conducted.  The  first  set  of  tests  investigated  the 
performance  of  four  configurations  which  included  the  baseline  configuration  and  three 
others  with  permutations  of  the  LP  and  HP  Cavities  opened  and  blanked  off.  The  tests 
were  conducted  from  1,000  RPM  to  5,000  RPM.  The  measured  maximum  efficiencies  for 
the  four  configurations  ranged  from  66%  to  74%,  with  the  highest  occurring  from  the  LP 
closed  &  HP  opened  configuration.  The  other  performance  plots  also  showed  similar 
trends  and  relatively  small  variance  between  the  four  configurations.  It  also  indicated  that 
efficiency  in  excess  of  70%  could  be  achieved  at  speeds  lower  than  5,000  RPM.  The 
second  set  of  tests  investigated  the  stalling  characteristics  of  two  CFF  configurations  by 
means  of  a  throttle  system  installed  downstream  of  the  CFTA.  The  two  configurations 
were  the  baseline  configuration  and  one  with  both  cavities  blanked  off,  with  a  throttling 
device  attached  to  the  exhaust.  The  tests  were  conducted  from  2,000  RPM  to  6,000  RPM. 
A  complete  compressor  map  was  obtained  by  throttling  the  exhaust  to  vary  the  mass  flow 
rate,  t-t  pressure  ratio  and  other  performance  parameters.  The  measured  maximum 
efficiencies  for  the  two  configurations  were  all  in  the  vicinity  of  75%  except  those 
running  at  2,000  RPM.  The  stalling  points  for  both  configurations  were  observed  to  be  at 
the  same  throttle  setting.  The  efficiencies  at  various  speeds  were  observed  to  drop 
drastically  to  about  30%  after  stall.  But  for  the  two  cavities  blanked  off  configuration,  the 
efficiencies  for  the  various  speeds  only  dropped  to  50%  after  stall  at  the  same  throttle 
setting. 

Flow  Visualization  was  conducted  during  all  tests  and  the  flow  patterns  were 
shown  to  be  similar  to  those  form  VSD  tests.  All  these  results  are  encouraging  because  at 
these  relatively  low  rotational  speeds  the  use  of  CFFs  for  aircraft  propulsion  purposes  is 
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likely  to  be  advantageous  from  a  performanee  and  noise  point  of  view.  These  data  as  well 
as  the  assoeiated  flow  visualization  and  probe  measurements  will  also  make  a  valued  data 
set  for  numerieal  predietions. 

A  30  blade  Crossflow  Fan,  similar  to  that  used  in  the  experiment,  was  modeled 
using  a  numerieal  simulation  program  FI0++.  An  ineompressible,  unsteady  flow  solution 
was  obtained  at  a  speed  of  3,000  RPM.  Based  on  the  resolution  of  the  grid  and  Courant 
number  used,  it  took  about  10  days  to  run  4  revolutions  (relatively  stable  state).  The 
results  obtained  validated  that  it  is  possible  to  reproduee  the  measured  flow  patterns  from 
experiments.  The  throttling  of  the  exhaust  was  simulated  by  redueing  the  area  of  the 
exhaust  outlet.  The  results  showed  similar  eharaeteristies  to  a  typieal  stalling  eompressor 
but  more  work  is  required  in  order  to  aehieve  a  more  aeeurate  eompressor  map. 

Future  test  will  inelude  variations  in  the  blade  as  well  as  eavity  eonfigurations. 
Also,  most  importantly  tests  of  lower  diameter  CFFs  will  be  performed  in  view  of  their 
easier  installation  in  aireraft  wing  seetions. 
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V.  RECOMMNEDATIONS 


The  current  CFF  configuration,  which  made  up  of  a  12-inch  diameter,  1.5 -inch 
span  and  30  blade  rotor,  was  based  on  VSD’s  studies  some  18  years  back.  Now  that  we 
have  validated  the  performance  of  VSD’s  CFF,  we  can  now  take  one  step  further  by 
modifying  the  existing  CFF  in  search  for  a  better  configuration.  Since  the  rotor  and  both 
cavities  are  modular  to  the  main  assembly,  modifications  will  be  much  easier  and  will  not 
cost  as  much. 

In  line  with  the  potential  of  installing  CFF  inside  an  aircraft’s  wing  section  as  a 
lift  /  propulsion  device,  the  diameter  of  the  rotor  should  be  reduced  to  suit  the  space 
limitation.  The  optimum  number  of  blades,  together  with  the  blade  profile,  should  also  be 
looked  into.  As  there  are  too  many  configurations,  it  is  not  feasible  to  build  all  the  rotors 
to  be  tested.  Instead,  CFD  can  be  utilized  in  this  case  to  run  the  simulation  on  different 
configurations  and  finding  the  efficiency  and  power  generated  by  the  force.  After  which, 
we  just  need  to  build  a  few  of  the  better  configurations  for  testing  and  validation 
purposes.  Similarly  for  both  the  cavities,  we  should  explore  different  cavities  design 
which  includes  the  slope  on  top  of  that  module  that  brings  air  into  the  CFF.  But  we 
understand  that  the  current  runs  on  the  CFD  software  takes  up  a  lot  of  time  as  well  as 
effort  in  order  to  run  one  configuration.  The  difficulty  in  the  coding  makes  the  whole 
process  slower.  Several  efforts  had  been  put  in  to  define  a  compressible  flow  but  the 
solution  always  got  unstable.  Hence  we  can  conclude  that  Flo++  might  not  be  suitable  for 
computing  compressible  for  our  CFF  model.  Instead,  a  more  user  friendly  and  established 
CFD  softwares  such  as  ACE  and  OVERFLOW  should  be  explored  to  solve  the 
compressible  CEE  model.  Comparisons  can  then  be  made  between  different  software  and 
the  experimental  results.  After  which,  the  software  which  is  easier  to  use  and  have  shorter 
solution  run  time  to  steady  state  should  be  used  for  running  the  different  configurations 
CEE  as  mentioned  above. 
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APPENDIX  A 


DATA  LISTING 


Al.  TEST  1 
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Both  Cavities 
Blanked 

Run  # 

RPM 

PK 

PL 

Pin 

Pin  (Flange) 

Pout  (Flange) 

Pout  (Vena) 

TinCFF  (2  o/c) 

Tin  CFF  (11  o/c) 

5 

o 

00 

c 

i- 

TinTTR (5  o/c) 

Tout  TTR 

Tin  Orifice 

Tout  CFF  (Bot) 

Tout  CFF  (Mid) 

Tout  CFF  (Top) 

TTR  Mass  Flow 

(Ibm/s) 

Turbine  Power 

(HP) 

CFF  Mass  Flow 
(Ibm/s) 

Pi  CFF 

Tau  CFF 

CFF  Efficiency 

CFF  Corrected 

Mass  Flow  (Ibm/s) 

1 

1306.7398 

29.9842 

29.9842 

33.2375 

29.9839 

33.2029 

33.2466 

531.5284 

532.8679 

536.6173 

536.5259 

534.6327 

540.1927 

534.5167 

534.5958 

534.2934 

0.6112 

-0.2844 

0.5219 

1.0074 

1.0043 

0.4972 

0.5270 

2 

2078.1238 

29.9823 

29.9820 

33.0972 

29.9810 

33.0749 

33.0706 

533.0524 

533.6307 

537.1692 

537.1147 

533.6149 

540.3772 

537.7317 

538.0253 

537.4294 

1.0290 

-0.8710 

0.8272 

1.0197 

1.0082 

0.6805 

0.8362 

3 

2084.2019 

29.9803 

29.9801 

33.1121 

29.9796 

33.0776 

33.0674 

533.6659 

537.3538 

537.2958 

533.8557 

540.4335 

537.4733 

537.9286 

537.4733 

1.3280 

-1.1056 

1.0171 

1.0196 

1.0085 

0.6538 

1.0279 

4 

3000.0601 

29.9750 

29.9745 

35.6736 

29.9736 

35.6302 

35.6322 

532.2702 

532.8661 

537.9796 

531.8272 

540.4018 

540.8184 

542.0014 

641.3932 

1.3269 

-1.9525 

0.9207 

1.0166 

0.7405 

0.9302 

5 

3009.2387 

29.9719 

29.9717 

35.7017 

29.9697 

35.6373 

35.6309 

532.7870 

533.1544 

538.1641 

538.1096 

531.9837 

540.3755 

541.8591 

542.8680 

641  9962 

1.7283 

-2.5524 

1.1472 

1.0174 

0.7091 

1.1596 

6 

4015.9303 

29.9753 

29.9752 

38.9254 

29.9734 

38.8406 

38.8418 

532.5602 

532.0927 

538.9552 

538.8796 

528.8970 

540.8641 

547.9868 

549.8601 

548.5739 

1.9562 

4.7045 

1.1896 

1.0310 

0.7233 

1.2018 

7 

4012.1708 

29.9749 

29.9749 

38.8941 

29.9732 

38.8450 

38.8507 

532.0259 

532.1138 

539.0202 

538.9710 

528.9673 

541.0962 

547.8163 

549.7850 

548  6846 

1.4160 

-3.4079 

0.8507 

1.0314 

0.7181 

0.8593 

8 

4999  4176 

29.9743 

29.9745 

41.0557 

29.9715 

40.9577 

40.9757 

532.7061 

530.8657 

539.6706 

539.6618 

524.5024 

541.6305 

556.2098 

559.7026 

557.6475 

1.9664 

-7.1527 

1.1448 

1.0490 

0.7249 

1.1562 

9 

5007.0939 

29.8331 

29.8332 

40.9447 

29.8306 

40.8108 

40.8184 

533.2968 

531.7868 

539.7532 

539.7022 

524.6430 

541.7044 

557.0641 

560.5745 

558.3790 

2.4579 

-8.8984 

1.4189 

1.0491 

0.7230 

1.4410 

11 

4497.5166 

29.8834 

29.8835 

38.9023 

29.8816 

38.8230 

38.8317 

533.0138 

532.3616 

540.1575 

540.1241 

527.8054 

541.9505 

552.8102 

555.3028 

553.5784 

1.7980 

-5.3229 

1.0457 

1.0398 

0.7174 

1.0602 

12 

4501.8350 

29.8835 

29.8833 

38  9466 

29.8801 

38.8324 

38  8244 

533.9243 

532.8415 

540.2208 

540.1505 

527.8932 

542.0436 

553.5186 

555.9602 

554.1128 

2.3580 

-6.9564 

1.3706 

1.0396 

0.7184 

1.3906 

13 

3493.6741 

29.8819 

29.8815 

37.7395 

29.8802 

37.6852 

37.6930 

533.5798 

534.2618 

540.1136 

540.0432 

532.3388 

541.9329 

545.8897 

547  4348 

1.4410 

-2.6767 

0.8792 

1.0238 

0.7158 

0.8921 

14 

3503.5682 

29.8833 

29.8818 

37.7666 

29.8802 

37.7203 

37.7157 

533.4778 

533.3249 

540.0872 

540.0380 

532.3827 

541.9399 

545.4327 

646.9964 

646.0444 

1.5084 

-2.7802 

0.9081 

1.0239 

0.7128 

0.9212 

15 

2502.2000 

29.8808 

29.8807 

34.6437 

29.8785 

34.5922 

34.6029 

533.8786 

534.8471 

539.8903 

539.8393 

535.5661 

540.6708 

641.6180 

541  0839 

1.2964 

-1.3365 

0.8277 

1.0126 

0.6672 

0.8401 

16 

2491  4566 

29.8822 

29.8813 

34.6359 

29.8796 

34.5920 

34.6055 

533.7977 

535.3692 

539.8956 

535.6048 

541.9452 

541.0610 

641  9241 

641.4126 

1.1213 

0.6941 

1.0129 

0.6493 

0.7047 

17 

1511.4150 

29.8851 

29.8844 

33.1544 

29.8828 

33.1227 

33.1295 

532.5585 

534.8805 

539.5968 

539.5141 

537.5348 

541.8960 

535.9018 

536.5891 

536.7491 

0.9957 

-0.4829 

0.7469 

1.0050 

0.5791 

0.7575 

18 

1512.9624 

29.8853 

29.8849 

33.1396 

29.8836 

33.1159 

33.1399 

532.6692 

534.5571 

539.5229 

539.4807 

537.5471 

541.8942 

536.6788 

537.1200 

536.8845 

0.1279 

-0.0600 

0.0762 

1.0101 

1.0061 

0.4690 

0.0773 

Both  Cavities 
opened 

Run  # 

RPM 

PK 

PL 

Pin 

Pin  (Flange) 

Pout  (Flange) 

Pout  (Vena) 

Tin  CFF  (2  o/c) 

TinCFF  (11  o/c) 

TinTTR  (8  o/c) 

TinTTR  (5  o/c) 

Tout  TTR 

Tin  Orifice 

Tout  CFF  (Bot) 

Tout  CFF  (Mid) 

Tout  CFF  (Top) 

TTR  Mass  Flow 

(Ibm/s) 

Turbine  Power 

(HP) 

CFF  Mass  Flow 
(Ibm/s) 

Pi  CFF 

Tau  CFF 

CFF  Efficiency 

Mass  Flow 
(Ibm/s) 

. 

BHBM 

BBIW 

BBBiH 

BB^^B 

IBHBM 

BBWM 

BBBH 

BBHB 

0.4116 

1.0077 

BiBBB 

H 

1006.9564 

29.9509 

29.9509 

33.3576 

29.9514 

33.3481 

33.3611 

523.8257 

530.5950 

537.6139 

537.5348 

536.0179 

540.8747 

531.1786 

532.2315 

531.7903 

0.3883 

-0.1451 

0.1336 

1.0086 

3 

2016.5018 

29.9485 

29.9483 

39.3086 

29.9486 

39.2638 

39.2709 

526.6311 

531.2278 

537.8126 

537.7581 

535.9071 

1.3293 

-1.2285 

4 

2011.4520 

29.9473 

29.9474 

39.3205 

29.9472 

39.2906 

39.2767 

527.2235 

530  4596 

537.8917 

537.8389 

534.0263 

540  6954 

534.4780 

535.8491 

535.8175 

1.4304 

-1.3179 

0.8397 

1.0251 

1.0124 

0.5739 

0.8479 

5 

2994  6099 

29.9453 

29.9451 

38  9464 

29.9450 

38.8753 

38  8661 

528.7388 

531.7973 

538.4102 

538.3979 

530.7602 

541.5268 

541.6921 

644.2638 

544.0616 

1.9175 

-3.5177 

1.1213 

1.0583 

1.0246 

0.6620 

1.1367 

6 

2999.6852 

29.9427 

29.9425 

38.9042 

29.9421 

38  8895 

38  8584 

530.5423 

530.7479 

BBI^M 

HM 

IBiB 

UBiB 

BIBHB 

7 

BBBW 

Bi^BM 

BB^^B 

BBBB 

BBBB 

BBBBM 

BBi^B 

HW 

HiW 

8 

4015.0973 

29.9392 

29.9392 

39.8781 

29.9380 

39.7523 

39.7864 

529.2520 

530.1239 

539.1063 

539.0975 

526.1337 

542.0120 

550.9944 

553.9001 

553.7964 

2.0708 

1.1571 

1.1064 

1.0438 

0.6690 

1.1768 

B 

BBW 

BB^BB 

muB 

WSBSB 

BBSH 

BiilitIB 

1.5394 

1.1690 

1.0666 

0.6854 

1.5737 

B 

BB^B 

BBBM 

BBH^B 

IBI^M 

BIB^B 

1.4934 

1.1692 

1.0676 

0.6759 

1.5248 

50 


Both  Cavities 
Blanked 

41: 

C 

3 

q: 

RPM 

Corrected  Power 
(HP) 

Corrected  Speed 
(RPM) 

X1 

mdot1 

X2 

mdot2 

X3 

mdot3 

Computed  MA 

Computed  MA  HP 

Corrected 

Computed  MA 
Mdot(lbm/s) 

Corrected 

Computed  MA  HP 

Pt_bar 

Tt_bar 

Mach  Exit 

Temp  Exit 

Velocity  Exit 

Corrected  Thrust 

1 

1306.7398 

0.3964 

1291.3049 

0.0424 

0.1465 

0.0454 

0.0897 

0.0466 

0.1612 

0.3041 

0.4017 

0.2996 

30.2090 

534.4522 

0.1173 

531.5289 

40.4171 

13.2534 

2 

2078.1238 

1.2128 

2051.3749 

0.0707 

0.2447 

0.0740 

0.1462 

0.0742 

0.2566 

0.9546 

0.6552 

0.9394 

30.5734 

537.6837 

0.1760 

531.1068 

60.6230 

32.4267 

3 

2084.2019 

1.5399 

2057.8497 

0.0707 

0.2446 

0.0734 

0.1450 

0.0737 

0.2549 

0.9804 

0.6521 

0.9650 

30.5682 

537.5757 

0.1752 

531.0521 

60.3770 

32.1372 

4 

3000.0601 

2.7213 

2963.5941 

0.1062 

0.3687 

0.1103 

0.2188 

0.1076 

0.3736 

2.8517 

0.9720 

2.8089 

31.2782 

541.3082 

0.2526 

527.8330 

86.7746 

68.8369 

5 

3009.2387 

3.5563 

2971.5384 

0.1062 

0.3683 

0.1102 

0.2184 

0.1080 

0.3750 

2.9940 

0.9731 

2.9482 

31.2812 

542.1407 

0.2529 

528.6159 

86.9343 

69.0341 

6 

4015.9303 

6.5589 

3968.0168 

0.1438 

0.5012 

0.1482 

0.2952 

0.1440 

0.5020 

tisw 

7.1894 

1.3129 

7.0839 

32.3743 

548.6371 

0.3375 

524.7293 

115.5833 

123.8380 

7 

4012.1708 

4.7529 

3965.2581 

0.1444 

0.5029 

0.1489 

0.2964 

0.1446 

0.5041 

EKRtS 

7.3147 

1.3179 

7.2098 

32.3863 

548.5991 

0.3383 

524.5844 

115.8414 

124.5768 

8 

4999.4176 

9.9801 

4942.2801 

0.1816 

0.6359 

0.1881 

0.3766 

0.1774 

0.6211 

14.2816 

1.6516 

14.0831 

33.8173 

557.5358 

0.4219 

520.4745 

143  9083 

193.9116 

9 

5007.0939 

12.4670 

4946.3546 

0.1816 

0.6324 

0.1885 

0.3753 

0.1776 

0.6180 

14.2640 

1.6527 

14.1237 

33.6517 

558.3861 

0.4132 

522.6849 

141.2429 

189.5250 

11 

4497.5156 

7.4431 

4442.3494 

0.1630 

0.5669 

0.1691 

0.3363 

0.1615 

0.5616 

[PTO 

10.4384 

1.4865 

10.3157 

32.9431 

553.6798 

0.3734 

524.4337 

127.8376 

164.5694 

12 

4501.8350 

9.7208 

4443.7170 

0.1632 

0.5672 

0.1686 

0.3349 

0.1615 

0.5612 

[PRSEl 

10.3950 

1.4860 

10.2658 

32.9368 

554.3078 

0.3730 

525.0847 

127.7876 

154.4601 

13 

3493.6741 

3.7371 

3446.8337 

0.1259 

0.4354 

0.1308 

0.2587 

0.1266 

0.4381 

4.8255 

1.1500 

4.7614 

31.6907 

546.4747 

0.2878 

528.9524 

98.9511 

92.5915 

14 

3503.5682 

3.8841 

3458.2779 

0.1255 

0.4344 

0.1306 

0.2585 

0.1267 

0.4390 

EERE1 

4.8506 

1.1492 

4.7892 

31.6909 

546.0243 

0.2878 

528.5146 

98.9157 

92.4853 

IS 

2502.2000 

1.8650 

2467.6312 

0.0878 

0.3027 

0.0916 

0.1803 

0.0909 

0.3134 

RRCT 

1.7998 

0.8092 

1.7750 

30.7735 

541.0196 

0.2009 

532.4276 

69.2904 

45.6252 

16 

2491.4566 

1.5995 

2456.5292 

0.0875 

0.3015 

0.0918 

0.1807 

0.0901 

0.3106 

1.8323 

0.8057 

1.8067 

30.7667 

641.3914 

0.2001 

532.8601 

69.0464 

45.2652 

17 

1511.4150 

0.6741 

1491.4323 

0.0510 

0.1755 

0.0539 

0.1060 

0.0548 

0.1887 

RPWB 

0.4236 

0.4774 

0.4180 

30.1998 

536.3730 

0.1154 

533  5314 

39.8480 

15.4834 

18 

1512.9624 

0.0838 

1493.1080 

0.0509 

0.1752 

0.0535 

0.1053 

0.0542 

0.1865 

RPTOIl 

0.5140 

0.4740 

0.5072 

30.1955 

536.8564 

0.1145 

534  0544 

39.5628 

15.2633 

Both  Cavities 
opened 

41: 

C 

3 

q: 

RPM 

Corrected  Power 
(HP) 

Corrected  Speed 
(RPM) 

X1 

mdot1 

X2 

mdot2 

X3 

mdot3 

< 

s 

■o 

3 

Q.  . 

ii 

u  s 

Computed  MA  HP 

Corrected 

Computed  MA 
Mdot(lbm/s) 

Corrected 

Computed  MA  HP 

Pt_bar 

Tt_bar 

Mach  Exit 

Temp  Exit 

Velocity  Exit 

Corrected  Thrust 

1 

1006.9852 

0.5657 

999.7011 

0.0369 

0.1277 

0.0381 

0.0754 

0.0396 

0.1373 

0.3404 

0.4592 

0.3431 

0.4552 

30.1130 

531.2744 

0.0959 

529.3275 

329833 

9.2223 

2 

1006.9564 

0.2035 

999.7584 

0.0372 

0.1287 

0.0382 

0.0756 

0.0397 

0.1376 

0.3419 

0.5143 

0.3445 

0.5098 

30.1128 

531.6417 

0.0958 

529.6954 

329785 

9.2585 

3 

2016.5018 

1.7230 

1998.8311 

0.0777 

0.2693 

0.0779 

0.1543 

0.0789 

0.2738 

0.6974 

1.5160 

0.7049 

1.5027 

30.6326 

535.3326 

0.1837 

528.2048 

63.1111 

36.2044 

4 

2011.4520 

1.8487 

1993.9912 

0.0781 

0.2705 

0.0783 

0.1551 

0.0796 

0.2763 

0.7019 

1.5383 

0.7095 

1.5250 

30.6396 

535.2971 

0.1846 

528.1010 

63.4125 

36  6096 

5 

2994.6099 

4.9403 

2964.6190 

0.1189 

0.4127 

0.1197 

0.2375 

0.1176 

0.4090 

1.0592 

4.6472 

1.0747 

4.6126 

31.5480 

543.1919 

0.2762 

527.1117 

94.7919 

82.6930 

6 

2999.6852 

3.7515 

2968.5882 

0.1188 

0.4125 

0.1196 

0.2375 

0.1171 

0.4075 

1.0575 

4.2816 

1.0735 

4.2483 

31.5401 

642.5708 

0.2755 

526.5831 

94.5189 

82.3648 

7 

4005.0737 

10.2728 

3962.9732 

0.1597 

0.5571 

0.1577 

0.3141 

0.1548 

0.5403 

1.4115 

10.7202 

1.4385 

10.6760 

32.8468 

553.1724 

0.3676 

524  8084 

125  8952 

146  4284 

8 

4015.0973 

9.0913 

3977.0622 

0.1602 

0.5590 

0.1586 

0.3159 

0.5398 

1.4147 

11.0761 

1.4401 

11.0418 

32.8577 

552.7605 

0.3682 

524.3109 

126  0627 

146.7995 

9 

4995.6711 

18.4665 

4946.8943 

0.1964 

0.6891 

0.1959 

0.3925 

0.1920 

0.6741 

1.7556 

20.9039 

1.7965 

20.9351 

34.5412 

565.0724 

0.4577 

521.3904 

156  2343 

225.8466 

10 

4987.4907 

18.1712 

4945.9675 

0.1965 

0.6896 

0.1959 

0.3927 

0.1922 

0.6757 

1.7580 

21.1840 

1.7967 

21.2496 

34.5447 

563.9569 

0.4578 

520.3325 

156  1313 

225.6815 

51 


52 


LP  Cav  opened 

HP  Cav  closed 

41: 

C 

3 

q: 

RPM 

PK 

PL 

Pin 

Pin  (Flange) 

Pout  (Flange) 

Pout  (Vena) 

Tin  CFF  (2  o/c) 

Tin  CFF  (11  o/c) 

TinTTR(8  o/c) 

TinTTR(5  o/c) 

Tout  TTR 

Tin  Orifice 

Tout  CFF  (Bot) 

Tout  CFF  (Mid) 

Tout  CFF  (Top) 

TTR  Mass  Flow 
(Ibm/s) 

Turbine  Power 
(HP) 

$ 

o 

LI. 

(A 

(A 

™  — 
s  « 
u-  E 

Li.  n 
O  = 

CFF  Efficiency 

CFF  Corrected 
Mass  Flow 

1042  3852 

29  9608 

29  9608 

33  2731 

29  9821 

33  2592 

33  2456 

529  0393 

531  8958 

535  5468 

535  4677 

533  8223 

539  8288 

532  0944 

532  6358 

532  3054 

Him 

-0  4244 

■HU 

0  4755 

0  9507 

49  9595 

49  9599 

00  460  1 

49  96U4 

bbb  bb,» 

bbb  bbib 

bbb  bbb4 

bbl  bUbI 

bbb  bbbb 

mi 

Ub4/b 

1492  4446 

29  9586 

29  9588 

33  1620 

29  9585 

33  1266 

33  1284 

527  7930 

532  1788 

536  9038 

536  8300 

534  3585 

539  1327 

532  6552 

533  7538 

533  8663 

■m 

-0  6962 

■H 

0  8515 

1502  9345 

29  9588 

29  9591 

33  1461 

29  9595 

33  1054 

33  1277 

531  3139 

533  1087 

536  9811 

536  9020 

534  3971 

539  1643 

535  4677 

535  9440 

535  3200 

■HI 

-0  5266 

0  6594 

2008  6776 

29  9550 

29  9546 

34  8513 

34  8059 

34  8329 

530  8341 

532  4829 

537  2202 

537  1798 

533  4339 

538  8585 

536  8950 

537  7089 

537  4768 

-0  7986 

0  5906 

2016  3596 

29  9531 

29  9527 

34  8666 

34  8198 

34  8552 

531  0503 

532  0171 

537  2378 

537  2132 

533  4391 

538  8550 

536  6770 

537  3714 

536  9688 

0  /OOb 

-0  6366 

0  4905 

' 

49  9500 

49  9495 

49  9459 

bb,  bbbb 

540  911b 

540  8JbO 

HH 

* 

2509  5469 

29  9502 

29  9498 

34  8960 

34  8492 

34  8487 

532  0927 

532  9645 

537  9743 

537  9251 

532  4688 

540  6567 

540  0819 

541  4389 

541  2438 

1  bbbb 

-1  8406 

0  9265 

300  3  2288 

29  9457 

29  9454 

35  7565 

35  6730 

35  6639 

531  7182 

532  8415 

538  2362 

538  2028 

530  7919 

540  2577 

543  2583 

545  0161 

544  7964 

HUH 

-3  5207 

mm 

1  2328 

10 

2994  8191 

29  9453 

29  9446 

35  7020 

29  9440 

35  6112 

35  6334 

531  5389 

532  5514 

538  3505 

538  2802 

530  8973 

540  0696 

542  5499 

544  4272 

544  5889 

■mi 

-3  0304 

1  0850 

3502  6274 

29  9  507 

29  9506 

37  5513 

37  4902 

37  4930 

531  5407 

532  3300 

538  6177 

538  6054 

528  8987 

539  6636 

546  3134 

548  8763 

549  1874 

■HU 

-3  7536 

0  9818 

3512  8603 

29  9494 

29  9496 

37  6040 

29  9486 

37  5273 

37  5174 

531  5249 

532  0048 

538  5966 

538  5930 

528  8249 

539  8130 

546  6157 

549  0643 

549  2542 

1  9597 

-1  6960 

1  1758 

4007  9899 

29  9480 

29  9481 

39  6877 

29  9463 

39  5853 

39  5965 

532  1647 

531  9837 

538  7407 

538  7706 

526  3692 

539  8815 

550  8907 

554  0776 

554  5188 

2  0641 

-6  1369 

mm 

1  2346 

14 

4006  9728 

29  9479 

29  9476 

39  7161 

29  9464 

39  5845 

39  5863 

531  6725 

531  4036 

538  7794 

538  7618 

526  4237 

539  9395 

550  9645 

553  7665 

554  3079 

■HI 

-7.2848 

mm 

1  4386 

4514  6394 

29  9461 

29  9458 

39  6241 

29  9434 

39  4695 

39  4458 

531  7481 

531  0485 

538  8497 

538  8444 

523  4636 

539  9905 

556  0604 

559  7852 

560  6044 

■■■ 

-10  6043 

1  6433 

450  5  621J 

49  9455 

49  9450 

09  6006 

531  434b 

bbl  Ub^U 

bbbbii^ 

bbb  bbbb 

bbb  bbib 

bbb  rb,b 

mm 

4986  2469 

29  9429 

29  9430 

41  6832 

29  9408 

41  4976 

41  5125 

529  8550 

529  2766 

539  0729 

539  0975 

520  5210 

540  2471 

559  0751 

564  3046 

565  1132 

■nil 

mm 

1  6420 

18 

5001  0844 

29  9428 

29  9428 

41  6911 

29  9405 

41  5016 

41  5304 

530  5458 

529  6282 

539  2294 

539  2294 

520  6089 

540  3790 

560  1368 

565  0411 

565  6388 

■HU 

■im 

mm 

1  5869 

19 

300  5  8918 

29  9529 

29  9529 

36  9022 

29  9520 

36  8500 

36  8460 

533  7626 

534  4147 

539  3384 

539  2645 

531  9925 

540  3755 

545  1831 

547  0147 

546  9901 

■m 

■HU 

mm 

0  9459 

20 

2997  6321 

29  9514 

29  9  507 

36  9158 

29  9499 

36  8476 

36  8349 

533  0981 

533  5604 

539  1854 

539  1538 

531  9643 

540  1364 

544  4729 

546  1727 

546  1552 

■m 

mm 

mm 

1  1191 

LP_Cav  closed 

HP  Cav  opened 

41: 

C 

3 

U. 

RPM 

PK 

PL 

Pin 

Pin  (Flange) 

Pout  (Flange) 

Pout  (Vena) 

Tin  CFF  (2  o/c) 

Tin  CFF  (11  o/c) 

TinTTR(8  o/c) 

TinTTR(5  o/c) 

Tout  TTR 

Tin  Orifice 

Tout  CFF  (Bot) 

Tout  CFF  (Mid) 

Tout  CFF  (Top) 

TTR  Mass  Flow 
(Ibm/s) 

0) 

$ 

o 

Q. 

0) 

c 

n  ^ 

n 

$ 

o 

LI. 

(A 

(A 

s  « 

Li-  E 
Li.  n 
O  = 

LI. 

LI. 

O 

E 

LI. 

LI. 

O 

3 

re 

1- 

CFF  Efficiency 

CFF  Corrected 
Mass  Flow 

' 

1165  8749 

29  938 

29  9387 

33  3451 

29  952 

33  304 

33  338 

528  138 

529  99 

534  884 

534  786 

532  982 

540  047 

531  4405 

531  578 

530  5845 

0  5571 

-0  2477 

0  483 

1  007 

1  004 

0  464 

0  487 

1189  7539 

29  937 

29  9373 

33  3263 

29  946 

33  318 

33  318 

524  942 

529  878 

535  496 

535  434 

533  56 

539  732 

528  969 

530  105 

530  1098 

0  5884 

-0  2689 

0  483 

1  007 

1  004 

0  466 

0  487 

1489  2403 

29  934 

29  934 

33  2492 

29  945 

33  233 

33  224 

524  645 

529  553 

535  997 

535  955 

533  487 

540  221 

530  4526 

531  259 

530  8007 

1  004 

-0  5998 

0  668 

1  oil 

1  007 

0  459 

0  673 

1507  4355 

29  934 

29  9336 

33  2802 

29  95 

33  211 

33  268 

525  45 

530  161 

536  299 

536  229 

533  715 

540  813 

530  3173 

531  541 

531  2841 

0  6991 

-0  4277 

0  55 

1  oil 

1  006 

0  523 

0  554 

1994  8335 

29  929 

29  9295 

34  7826 

29  929 

34  734 

34  758 

527  617 

531  11 

536  612 

536  508 

533  045 

539  395 

534  2846 

535  174 

534  3339 

1  0057 

-0  8484 

0  675 

1  021 

1  01 

0  603 

0  682 

2045  8894 

29  93 

29  9301 

34  9381 

29  93 

34  883 

34  884 

527  157 

530  047 

536  726 

536  652 

533  081 

540  038 

533  3829 

534  255 

533  7802 

1  5037 

-1  3024 

1  043 

1  021 

1  01 

0  609 

1  053 

2498  4178 

29  927 

29  9267 

36  /e44 

29  926 

36  763 

36  757 

528  871 

531  21 

537  37 

537  305 

532  381 

541  449 

536  4608 

537  581 

536  8493 

1  0895 

-1  296 

0  78 

1  034 

1  013 

0  73 

0  789 

2501  6472 

29  927 

29  9262 

36  8065 

29  926 

36  75 

36  751 

528  988 

531  506 

537  436 

537  366 

532  469 

540  984 

536  9987 

538  222 

537  2835 

1  5553 

-1  8411 

1  057 

1  034 

1  014 

0  696 

1  07 

3003  349 

29  925 

29  9243 

36  6762 

29  924 

36  618 

36  611 

527  58 

529  793 

537  523 

537  407 

530  794 

539  676 

538  3083 

539  743 

538  978 

1  6794 

-2  6887 

1  085 

1  05 

1  02 

0  72 

1  098 

10 

3004  6273 

29  923 

29  9224 

36  6964 

29  921 

36  626 

36  624 

529  713 

531  527 

537  588 

537  505 

530  882 

540  01 

540  2823 

541  72 

540  5179 

1  7726 

-2  8353 

1  156 

1  05 

1  019 

0  732 

1  172 

3510  9077 

29  924 

29  9238 

38  7799 

29  923 

38  711 

38  725 

527  802 

531  187 

538  28 

538  234 

529  512 

540  495 

542  1333 

544  666 

543  6204 

1  5927 

-3  3428 

0  996 

1  07 

1  026 

0  739 

1  01 

3517  886 

29  924 

29  9234 

38  7823 

29  922 

38  726 

38  735 

529  5 

531  989 

538  549 

538  47 

529  72 

541  376 

544  6821 

546  617 

544  9054 

1  4712 

-3  1036 

0  882 

1  07 

1  028 

0  707 

0  896 

3993  2387 

29  922 

29  9223 

38  5937 

29  92 

38  495 

38  495 

531  175 

531  695 

538  748 

538  693 

527  732 

541  186 

549  103 

551  028 

548  7796 

2  1119 

-5  5699 

1  275 

1  091 

1  034 

0  738 

1  297 

14 

3988  6462 

29  922 

29  922 

38  5731 

29  92 

38  495 

38  485 

531  889 

532  174 

538  648 

538  618 

527  684 

540  511 

550  3001 

551  974 

549  4229 

2  0013 

-5  2588 

1  182 

1  091 

1  035 

0  725 

1  203 

4490  985 

29  919 

29  919 

40  5907 

29  916 

40  48 

40  475 

528  848 

530  129 

538  662 

538  653 

525 

540  488 

551  7186 

554  798 

552  4798 

2  3421 

-7  6767 

1  361 

1  118 

1  044 

0  73 

1  384 

16 

4495  2245 

29  918 

29  9178 

40  617 

29  915 

40  507 

40  433 

531  941 

531  47 

538  915 

538  887 

525  228 

541  325 

555  0286 

557  194 

553  9581 

2  9509 

-9  683 

1  703 

1  119 

1  045 

0  732 

1  737 

5009  1008 

29  92 

29  9197 

40  171 

29  917 

39  998 

39  994 

530  903 

530  24 

539  359 

539  293 

522  557 

541  613 

558  0714 

561  362 

558  3333 

2  8786 

-11  585 

1  683 

1  148 

1  054 

0  745 

1  717 

19 

5009  7283 

29  914 

29  9137 

40  1033 

29  912 

39  969 

39  988 

529  147 

529  767 

539  402 

539  374 

522  625 

541  581 

557  1977 

561  084 

558  1979 

2  3254 

-9  3552 

1  327 

1  148 

1  055 

0  723 

1  353 

53 


LP  Cav  opened 

HP  Cav  closed 

Run  # 

RPM 

Corrected 

Power  (HP) 

Corrected 

Speed  (RPM) 

X 

mdot1 

mdot2 

CO 

X 

mdot3 

Computed  MA 

Mdot 

Computed  MA 

HP 

Corrected 

Computed  MA 

Mdotnbm/s) 

Corrected 

Computed  MA 

HP 

Pt bar 

Tt bar 

Mach  Exit 

Temp  Exit 

Velocity  Exit 

Corrected 

Thrust 

' 

1042  3862 

0  6933 

1031  7516 

0  0386 

0  1334 

0  0390 

0  0771 

0  0405 

0  1403 

0  3507 

0  2174 

0  3544 

02148 

30  1239 

532  2936 

0  0935 

530  2339 

33  9255 

9  3010 

1063  8977 

0  6880 

1053  4166 

0  0406 

0  1406 

0  0410 

0  0809 

0  0425 

0  1472 

0  3688 

0  2662 

0  3725 

0  2523 

30  1409 

532  1319 

0  1026 

529  9026 

35  2950 

10  7181 

1492  4446 

0  9742 

1477  8910 

0  0579 

0  2003 

0  0578 

01144 

0  0539 

0  2039 

05186 

0  6960 

0  5240 

0  5334 

30  3206 

533  3662 

0  1379 

529  3369 

47  4502 

20  2624 

“ 

1502  9346 

0  7363 

1485  1639 

0  0579 

0  2001 

0  0579 

01142 

0  0536 

0  2026 

05168 

0  6798 

0.5234 

0  5722 

30  3183 

535  6167 

0  1376 

531  4918 

47  4188 

20  2224 

2006  6776 

1  1167 

1985  9587 

0.0790 

0  2734 

0  0788 

0  1557 

0  0730 

0  2700 

06991 

1  3399 

0.7082 

1  3241 

30  6243 

537  3038 

0  1826 

530  2307 

62  8680 

36  2476 

2016  3696 

0  8904 

1993  7879 

0.0789 

0  2730 

0  0786 

0  1553 

0  0776 

0  2636 

0  6969 

1  2806 

0.7058 

1  2656 

30  6182 

536  9461 

0  1313 

529  9373 

62  6817 

35  9612 

2499  2816 

3  1236 

2470  1993 

0.1025 

0  3549 

0  0991 

0  1960 

0  0960 

0  3323 

0  8832 

2  6002 

0.8960 

2  4730 

31  0343 

540  3476 

0  2292 

529  2313 

78  8140 

57  4262 

2509  5469 

2  6746 

2479  1352 

0  1021 

0  3535 

0  0989 

0  1955 

0  0954 

0  3303 

0  8792 

2  4841 

0.8923 

2  4556 

31  0266 

540  8607 

0  2284 

529  7981 

78  6883 

57  0309 

3003  2288 

4  9319 

2967  5275 

01194 

04139 

01183 

0  2341 

01143 

0  3930 

1  0460 

4  2644 

1.0627 

42119 

31  4808 

544  2603 

0  2705 

528  7828 

92  9984 

00  2704 

10 

2994  8191 

4  2464 

2959  3704 

0.1198 

04154 

0  1180 

0  2337 

0  1143 

0  3931 

1  0472 

4  1710 

1.0637 

4  1306 

31  4812 

54  3  7776 

0  2705 

520  3101 

92  9684 

00  3169 

" 

3502  6274 

5  2685 

3462  1102 

0.1410 

04896 

01392 

0  2761 

01341 

0  4662 

1  2319 

6  7310 

1.2532 

6  6770 

32  0889 

54  0  0300 

0  3173 

526  7629 

109  0309 

110  0044 

12 

3512.8603 

mijn 

mmnn 

yUB 

mm 

mttii 

mm 

BHH 

Biim 

miim 

miiiH 

msim 

miiim 

miiim 

mmm 

109  1096 

110  9363 

13 

4007  9899 

6  6274 

3961  1097 

0.1617 

0  5628 

01583 

0  3145 

0  1526 

0  5314 

1  4087 

100323 

1.4359 

9  9691 

32  7761 

553  0617 

0  3632 

525  3320 

124  4571 

144  6444 

14 

4006  9728 

10  2479 

3962  1012 

0.1620 

0  5639 

0  1586 

03154 

0  1535 

0  5344 

14137 

10  2635 

1.4403 

10.2039 

32  7934 

552  9234 

0  3643 

525  0471 

124  3031 

146  4911 

16 

4514  6394 

14  9493 

4464  6697 

0.1823 

06359 

01775 

0  3535 

0  1712 

0  5971 

1  5865 

14  7109 

1.6194 

14.6571 

33  6721 

550  7117 

0  4090 

523  6764 

139  9216 

183  0234 

16 

450  5  6213 

13  2503 

4456  3596 

0.1824 

0  6361 

01778 

0  3540 

0  1703 

0  5953 

1  5859 

14  7707 

1.6187 

14.7203 

33  6661 

550  6877 

0  4037 

523  7048 

139  3149 

182  7927 

4966  2469 

18  1662 

4939  5317 

0.1998 

06993 

01979 

0  3957 

0  1336 

0  6603 

1  7559 

19  7264 

1.7935 

19  7364 

34  4191 

562  6684 

0  4519 

520  1749 

154  0761 

222  6639 

18 

5001  0844 

176921 

4951  3442 

0.2002 

0  7004 

01977 

0  3951 

0  1393 

0  6625 

1  7580 

19  9005 

1.7967 

19.9013 

34  4362 

56  3  4309 

0  4527 

520  7466 

154  4401 

223  5777 

19 

3005  8918 

3  8433 

2965  1251 

0.1197 

0  4140 

01185 

0  2341 

0  1162 

0  4021 

1  0503 

4  3664 

1.0688 

4  3046 

31  4994 

546  3038 

0  2721 

530  6916 

93  7013 

01  3441 

20 

2997  6321 

4  6400 

2959  0313 

0.1195 

04136 

01182 

0  2337 

0  1143 

0  3977 

1  0449 

4  3242 

1.0626 

4  2767 

31  4809 

54  5  6189 

0  2705 

530  0060 

93  1077 

00  3621 

LP_Cav  closed 

HP  Cav  opened 

Run  # 

RPM 

Corrected 

Power  (HP) 

Corrected 

Speed  (RPM) 

X 

mdot1 

CM 

X 

mdot2 

CO 

X 

mdot3 

Computed  MA 
Mdot 

Computed  MA 

HP 

Corrected 

Computed  MA 

MdoWIbm/s) 

Corrected 

Computed  MA 

HP 

Pt bar 

Tt bar 

Mach  Exit 

Temp  Exit 

Velocity  Exit 

Corrected 

Thrust 

■■ 

Hssa 

BBS! 

0.0382 

Ksm 
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BIBEI 

■saEH 

mimtm 

■iSatiH 

mam 

■auEsta 

mmim 

Bmm 

■M 

■lyuBii 

■iSHfiB 

■UiUmH 

BB3I 

■itt&a 

KSiaa 

■SBBiifl 

■iBiaa 

mmm 

mmim 

Bmm 

msm 

■UiEiiUSfil 

■BiSGIB 

■ydBaM 

liUiltI 

■iUKB 

■iUilB 

■iuaB 

mSBIM 

■saaa 

■ifiiiBiH 

■ifiiiiiliH 

■asuam 

miiifl 

mmm 

mmim 

bbiib 

mim 

■BliliiB 

liUiUI 

■iUBB 

■iUitB 

■iUllifl 

■saaa 

■saaa 

■iUHH 

■ifiiiiM 

■asasum 

mmm 

mimm 

Bmm 

5 

1994  8336 

11895 

1976  5416 

0.0701 

0  2426 

0  0747 

0  1473 

0  0751 

0  2603 

0  6507 

11368 

0.6580 

11254 

30  6144 

534  6061 

0  1679 

528  6472 

57  6991 

30  8966 

2045  8894 

1  8274 

2028  5399 

0.0704 

0  2438 

0  0749 

0  1432 

0  0757 

0  2626 

0  6  547 

1  1394 

0.6616 

1  1299 

30  6189 

533  7282 

0  1635 

527  7344 

57  8733 

31  1569 

2496  4178 

18175 

2473  9273 

0.0899 

03116 

0  0942 

0  1866 

0  0939 

0  3259 

0  8240 

1  9081 

0.8346 

13912 

30  8662 

536  8612 

02114 

527  4364 

72  6748 

49  2441 

2501  6472 

2  6816 

2476  6425 

0.0901 

0  3122 

00937 

0  1854 

0  0940 

0  3261 

0  8236 

1  9949 

0.8343 

1  9770 

30  8663 

537  3820 

02114 

527  9468 

72  6108 

49  2519 

3003  3490 

3  7798 

2977  7134 

0.1089 

0  3780 

01156 

0  2295 

0  1130 

0  3931 

1  0006 

3  4660 

1.0132 

3  4435 

31  3113 

530  8902 

0  2556 

525  1620 

07  6858 

72  0716 

10 

3004  6273 

3  9788 

2973  5505 

0.1092 

0  3785 

01157 

0  2294 

01134 

0  3936 

10015 

3  4276 

1.0161 

3  3994 

31  3162 

540  7007 

0  2560 

526  8888 

87  8522 

72  4903 

” 

3510  9077 

4  7019 

3478  2836 

0.1302 

0  4524 

0  1350 

0  2632 

0  1325 

0  4615 

1  1821 

5  6309 

1.1995 

5  4930 

31  8640 

54  3  2770 

0  3012 

524  2486 

103  1164 

100  3177 

12 

3517  8860 

4  3610 

3481  0912 

0.1304 

0  4525 

01351 

0  2673 

0  1323 

0  4597 

1  1800 

5  7937 

1.1990 

5  7534 

31  8603 

54  5  2070 

0  3010 

526  1461 

103  2060 

100  3475 

13 

3993  2387 

7  8328 

3948  9029 

0.1474 

0  5124 

01537 

0  3052 

0  1500 

0  5217 

1  3393 

8  1763 

1.3638 

8  1262 

32  4391 

54  9  4179 

0  3413 

524  8897 

117  0734 

129  2013 

14 

3988.6462 

7.3912 

3942.1518 

0.1474 

0.5121 

0.1535 

0.3046 

0.1500 

0.5212 

1.3379 

8.3187 

1.3632 

8  2631 

32.4385 

550.3454 

0  3418 

525  7810 

117.1698 

16 

Bijum 

mm 

mim 

mim 

mim 

BjBUB 

BjBm 

miim 

miiim 

mms 

Bimm 

miim 

mmm 

mmim 

mm 

mufl 

mim 

mim 

Biym 

Biiim 

mms 

miiim 

mmm 

Bumm 

miim 

mmm 

mmm 

5009  1008 

16  3633 

4957  5176 

0  1848 

0  6456 

01931 

0  3855 

0  1370 

0  6533 

1  6849 

16  2188 

1.7209 

16.1946 

33  9826 

550  9247 

0  4304 

520  3683 

146  7323 

203  7543 

19 

5009  7283 

13  2331 

496  3  3541 

0  1844 

0  6439 

01925 

0  3844 

0  1369 

0  6539 

1  6822 

16  5680 

1.7165 

16.5628 

33  9637 

550  4687 

0  4294 

520  1036 

146  4177 

202  6990 

54 


A2,  TEST  2:  TWO  CAVITIES  OPENED 


Run  # 

s 

Q. 

E 

re 

Q. 

re 

o 

Q. 

5 

o 

!2- 

h- 

h- 

c 

a. 

I 

5 

o 

00. 

h- 

1- 

c 

a. 

5 

o 

u. 

LI. 

O 

C 

b. 

PinCFF(10o/c) 

PoutCFF  (Top) 

s 

LI. 

LI. 

O 

3 

O 

Q. 

o 

m 

Ll. 

LI. 

O 

3 

O 

Q. 

1 

m 

Q. 

o 

Q. 

Q 

Q. 

LU 

Q. 

Ll. 

Q. 

o 

Q. 

I 

Q. 

Q. 

1 

1 

1 

, 

■!^^l 

aeapn 

■!RPP!^H 

29  8297 

30  5909 

Bmaa 

amsea 

■mf^a 

29  0900 

29  3215 

29  6497 

29  8573 

29  7837 

29  6992 

29  5701 

29  6572 

iniB 

2031 1444 

39  90 

30  1357 

29  8592 

29  8295 

Bfiiesn 

BPiaaa 

BPiessn 

■mf^a 

29  0831 

29  3170 

29  6480 

29  8585 

29  7839 

29.6000 

29  5693 

29  6606 

HUB 

BWISBI 

■!!!■ 

BRI 

BIBIRI 

■neia 

aeasn 

Bm 

a!R!iRa 

Bfimn 

■■RPa 

ams^a 

Bf^^ea 

■RPeSB 

aias^a 

■BB 

a^^en 

■aRPB 

^HBB 

4 

KIS^SSSM 

■IK 

asm 

■men 

■aien 

aRBiea 

■sipen 

aiRPma 

BfiiPesi 

■nfspa 

anna 

leem 

■lasaB 

■ms^B 

a^^aa 

■a^RR 

B^BSB 

BBBB 

s 

■IK 

asm 

Bcfmi^a 

a^Rs^a 

ameia 

■siRsn 

Bsessn 

Bfmei 

■n^n 

ams^a 

■^nn 

Bf^^Ra 

Bsvira 

aeiesa 

a^^^n 

■mSRR 

H 

■IK 

asm 

■asm 

a^Rsea 

ameea 

■fReem 

a!R!i^a 

Bfmn 

■man 

BPiaen 

Bs^eRa 

Bf^^ea 

BSVHn 

Beaen 

aeiem 

a^RmB 

■afSRR 

BBB 

B^BB 

7 

B3!!!R!n!S 

■!!vn 

asm 

■mm 

aeefissa 

amen 

■!R!RPm 

a!R!s^a 

Bfiiessi 

BPmeB 

BPiiasa 

a^neB 

leiPPeB 

Bfmaa 

Beiesn 

aemn 

Beean 

B^B^B 

■IK 

asm 

BSfiiem 

a^^ma 

Bi^R^m 

■!R!mm 

aiRPP^a 

BfiiPesi 

Bns^a 

BPiiPPPa 

B^nfn 

BfRP^n 

Bfmf^a 

Beiesn 

■RiRim 

BeeeeB 

■msi 

9 

■IK 

asm 

Btfimn 

■RR^a 

a^^^n 

■sessn 

a!R!Si^B 

E^Raa 

BPiessn 

a^RP^B 

BfRS^n 

Riessn 

aap^n 

■ime^B 

a^^^n 

RR^^B 

ww 

in 

■IK 

asm 

Btfiima 

■R^ea 

aeaiaa 

■iRmsa 

a!R!^^B 

Bfiesiei 

E^R^n 

a^R^n 

B^R^n 

BfRSPfn 

BfRPaa 

aiassn 

■sessn 

a^^mB 

RRa^l 

BBB^B 

n 

B3l!3XI!Rfl 

■fllSISI 

■een 

BSfiesiin 

aeie^a 

aeaen 

■eefsn 

Bseisea 

Bfiiessi 

BPIRieB 

BPiaen 

BPiiP^n 

leestpa 

leipas 

Bmea 

■sean 

BeesaB 

miipsi 

in 

a^^a 

Bcfieisn 

aema 

ampen 

■fmspm 

Bsem 

i^es^B 

B^mf^B 

BSmR^B 

BfRsaa 

Bimppa 

Beeisn 

B^^a^B 

a^RmB 

Rs^nn 

BW 

ii 

a^^a 

Bcfiei^n 

Beaen 

B^aP^B 

■mpsm 

aimma 

i^ena 

B^aaa 

BPieSSB 

BPiappa 

Bfmen 

BfRmn 

aaefRB 

B^n^m 

Beeepa 

RSR^RB 

B^BW 

Rl 

a^^a 

aeaesa 

aema 

■fmpea 

aim^n 

BfiiPPn 

■mfmB 

BPiaen 

B^ap^B 

BfmP^B 

BfR^Ra 

aas^n 

BPililPP9 

Beean 

■essn 

IMPB 

B^BW 

m 

■Km 

a^^a 

B^^ma 

■f^RRm 

Bsessa 

Bfiesfsi 

BPiiesn 

Bn^^a 

B^^na 

Bf^ei^H 

BfRi^efl 

BeiPisn 

Beessn 

Beessn 

Bimsi 

BBBW 

in 

■m 

■sen 

BSfiessn 

B^^e^a 

■sesm 

ai^esn 

Bfiiessi 

BPiessn 

Bn^^a 

B^^Refl 

Bf^mn 

Bf^^^a 

aiaan 

Beessn 

aaesn 

Rsm^n 

B^BB 

BBI^B 

nw 

^^B 

^^B 

^^B 

^^B 

^^B 

^^B 

, 

Rvn 

■sm 

BSfiaen 

aas^n 

Bsena 

■siesn 

aimaa 

me^B 

Beieea 

■assn 

B^^en 

Bapsfn 

Beessn 

■f^msB 

Bemn 

Rsana 

BBB 

B^BB 

■IK 

■sm 

Bcfimn 

amPRsa 

aeema 

■sienn 

a!ms!m 

imesi 

B^efaa 

■as^a 

B^ffifSH 

Bmen 

Beessn 

■SBRin 

Bemn 

■a^^R 

■RflRim 

■IK 

■sm 

Bcfimn 

aeiem 

aa^^a 

■sieipm 

aimaa 

mm 

^^ef^n 

Beam 

■aRsa 

B^Ri^a 

Bn^^B 

Bemn 

aeaen 

BenRa 

msm 

4 

■IK 

■sm 

Bcfiisa 

aeieaB 

Bsena 

■sieipm 

amea 

BSiPPPa 

B^a^n 

Bm^^a 

■^apa 

B^Ri^a 

Bapaa 

Bema 

■saen 

Bemn 

msesi 

BBW 

— 

B^BW 

s 

■RII&9B 

■!!vn 

■sm 

Bcsean 

aaa^a 

a^^^m 

■sesHm 

ai^eisa 

m^ai 

^^efmB 

BeaiaB 

■ms^B 

Bmf^n 

B^asn 

Beessn 

■m^^B 

anssn 

■am 

BHBB 

6 

■fiRRRS 

■SE!SI 

■sen 

Bcseein 

aeeen 

aeesea 

■eena 

ampn 

mem 

Beaaa 

Beapn 

■assn 

mesn 

lenpa 

BnsRa 

ans^s 

Be^^n 

■asm 

n 

USI^!9SM 

a^^a 

■aeaa 

aaa^B 

ameiB 

a!R!ssia 

leipsei 

B^a^n 

Bm^^a 

Bi^^en 

Bnesa 

Bfana 

Beiesn 

■sum 

a^raa 

RR^^a 

BIBBB 

B^BW 

in 

a^^a 

■anin 

aaaea 

aiRfssn 

leiPPea 

B^a^n 

Bma^B 

Bi^nsa 

B^m^B 

Riesn 

aiasf^B 

■sasea 

a^^aa 

■iiPPPa 

BHBW 

BBBIB 

BB^B 

7 

■S9SIIRS 

■!^^l 

a^^a 

Bcfieeea 

aeiem 

ampn 

■fRPPPm 

aiRf^ea 

leasaa 

B^e^^B 

Bm^aB 

BPiessn 

BfmP^H 

BfRPP^e 

ai^e^a 

■iRm^B 

a^RRn 

■nra 

BB^W 

■!^^l 

a^^a 

■fiesm 

BimiRn 

amem 

■sieaa 

a!R!Rea 

leasea 

Beiefn 

Beaen 

aappfn 

Bf^asa 

BfRPaa 

ai^esn 

■fRaea 

a^R^n 

■afP^R 

BBB^B 

Rl 

B!f!nil!I!l!!l 

a^^a 

Bcfaim 

Beeen 

B^^Rea 

■f^R^m 

a!R!^^B 

msen 

B^ef^n 

Beaen 

BnR^B 

BfRe^a 

Bf^asa 

H^^an 

B^RfSm 

a^R^n 

■aan 

BBBW 

Rl 

■filSIfIRH 

a^^a 

amm 

aeeffisa 

amasB 

■mpea 

a!R!^^B 

maei 

Bemn 

BeenB 

BnsRa 

BfRa^H 

Bf^apa 

H^^RSn 

BeiRRB 

a^Ri^a 

RRRfRR 

BBBB 

BBiilB 

B^B^B 

m 

B!f!RScl?!!!l 

■m 

■sen 

■lesm 

aeaflB 

amssa 

■sessn 

aimP^B 

i^aaa 

B^R^n 

a^RP^B 

aasen 

leiefn 

Bfmf^a 

■i^^aB 

■men 

aaa^B 

R^apa 

BB^B 

in 

USIfftSBM 

■ma 

■sen 

■fiessn 

aeasn 

amsea 

■sesaa 

aimppa 

Bsapsfi 

BPiiesn 

Bi^aaB 

aasaa 

Bfafaa 

Bf^afn 

BeessB 

■ims^a 

aasRn 

R^RRa 

BBI^B 

BBB^B 

WBW 

. 

3011  6704 

■IK 

■sra 

BSfiesm 

aeeasa 

ameiB 

■!R!i!Sn 

a!R!sssa 

BSVSSSI 

aa^aB 

aaasa 

Bn^a 

Bf^mn 

B^^en 

an^RB 

■f^msB 

Beean 

R^nn 

m 

BRin 

■IK 

■sm 

BSfieesm 

a^RRB 

amsn 

■iRPf^m 

aiRSP^B 

m^Ha 

Bnmn 

aa^aB 

an^^B 

Bf^^Ra 

B^Rfafl 

an^^B 

■f^mn 

a^mn 

R^apa 

BBBB 

BHBB 

litM 

^^B 

^^B 

^^B 

^^B 

^^B 

^^B 

^^B 

, 

BSE!SI 

■csen 

BSfiesfin 

aeesfea 

amaa 

■men 

Beiesa 

msfn 

BPPRPn 

Bmen 

■iSeBB 

mpppa 

mfppa 

Bema 

Bemn 

BevRpa 

Rimsi 

HBB 

n 

mimam 

■!^^B 

a^^a 

Bcfiean 

aeesfn 

aeap^a 

■fm^^H 

anaa 

mfppa 

BP^a^B 

Bnssn 

■R^^a 

leiPPn 

BaeaH 

a^^en 

aemn 

aaam 

^BB^B 

H 

■!^^B 

a^^a 

Bcfiean 

aeesea 

amen 

■sam 

ansn 

msssi 

BPmen 

BneeB 

Risesn 

mera 

Baan 

a^RS^B 

Beessn 

aa^BB 

^e^R^R 

BBilB 

B^BW 

■nffiRm 

■!^^B 

a^^a 

Bcfietieia 

aeessta 

ae^R^B 

■fmi^m 

BSiPPPa 

mien 

BPfma 

Bnsm 

■RPS^B 

Bsa^n 

Bamn 

a^Ren 

aeesen 

aa^^a 

■asssa 

BaBB 

B^W^B 

H 

■RRRm 

■!^^B 

a^^a 

BSfiesm 

aeesssa 

ampea 

■men 

amssa 

■esai 

BPmisn 

Bi^^en 

B^^^n 

BafasR 

aae^a 

aeappn 

BeiPisn 

■aasi 

B^^^B 

BBI^M 

B^^^B 

■!^^B 

a^^a 

Bcfafiiin 

aeesssa 

aeispRa 

anssn 

Bsema 

BPeissn 

Bnssn 

RiiPm 

Baera 

BaafSR 

aasmR 

■sam 

aaapa 

BMI^B 

7 

■RIfRIB 

■!^^B 

a^^a 

Bcfa^n 

B^ean 

B^ema 

■!R!ffim 

asaeia 

Bnm 

BP^^^a 

Bnesn 

B^^Rpa 

meal 

BafSRa 

BeiPPPa 

■IRRS^B 

Bemn 

■asm 

BBI^B 

BBI^B 

■HflfXRfB 

■!^^B 

a^^a 

Bcfassn 

BsmeiB 

amaa 

■!R!RPm 

ampn 

Bnpn 

BP^^aB 

BmmB 

BPiaspa 

Bmsaa 

Baf^^B 

aiassn 

■iRR^n 

anRRB 

■asRa 

BBBB 

9 

■HfiRiBSS 

■!^^B 

a^^a 

Bcfasm 

aeesfea 

amen 

■fRPP^a 

a!R!^^H 

Bsespsi 

BPiessn 

a^^aa 

Bmepa 

B^^aa 

a^^mB 

■^^e^B 

Beessn 

^ei^Ra 

B^BW 

m 

■RfKIKSB 

■IK 

■sm 

Bme^m 

^^ama 

amen 

■!R!i!S^H 

a!R!s^a 

Bsesssi 

a^aRa 

BPima 

anna 

mesn 

B^^aa 

Beaen 

■men 

a^ma 

Rei^^a 

BBI^B 

BB^B 

Rl 

■nmim 

■!!m 

a^^a 

a^R^m 

amen 

■sessn 

ai^aea 

■■1^1 

asaen 

Bmen 

^npf^a 

B^m^i 

Ba^ea 

Bema 

■sessn 

Beesipa 

Rimsi 

m 

■RRIISISB 

■!!m 

■sm 

Bciafsa 

B^a^m 

as^^^a 

■sessn 

ai^asa 

■^RfSI 

asena 

B^^an 

aaapa 

BnRRH 

Bn^^H 

BeesaB 

BPimn 

anna 

Rimsi 

BB^^B 

m 

■l!ISI!B!S 

■sen 

■csen 

■men 

Benea 

asena 

■eesf^B 

aees^a 

Bnefi 

BPeem 

Bmppa 

BeBSPa 

meal 

leessn 

Bnsipa 

BPiessn 

Bemn 

Rasea 

BBBB 

BBB^B 

,4 

40154197 

a^^a 

■mm 

aa^ea 

aeesea 

■!R!ffi^H 

Bsessia 

■e^a 

BPfliRin 

am^a 

Becsea 

Bn^n 

BfR^^a 

aasen 

■SBRPm 

a^RRn 

RRS^I 

BBilB 

BBBB 

BBBM 

m 

■m 

a^^a 

■men 

Bim^^a 

amsn 

■imsea 

aimpfn 

meRB 

Bema 

Bmpaa 

Bnan 

Ba^ea 

a^meB 

■nan 

Beean 

^ema 

BBBW 

in 

■Kim 

■lien 

a^^a 

■mm 

Bimma 

anna 

aimi^a 

levsssi 

Bm^Ra 

Bm^Ra 

Bf^^en 

BnRfn 

Ba^Ra 

a^a^a 

■nmm 

aaRf^B 

■mei 

IBB 

B^BW 

^^B 

^^B 

^^B 

^^B 

^^B 

^^B 

^^B 

^^B 

^^B 

^^B 

^^B 

^^B 

^^B 

HIH 

Hi^B 

HIH 

1 

■!^^B 

a^^a 

ame^m 

aemfl 

Bpm^n 

■imam 

Bmaa 

man 

BPPRRPa 

amReB 

■R^^a 

Bf^apa 

Bsaf^a 

a^^nB 

Beessn 

Beiesn 

^ema 

B^^BB 

p 

HilSIffiH 

■I^^B 

a^^a 

■men 

BRian 

amsea 

■!m!sn 

aiRe^a 

■as^B 

BPS^^^B 

a^R^n 

naira 

Bf^afn 

Bs^na 

a^^nB 

Beessn 

Bemn 

^eRsn 

BBtB 

BBIBiB 

BB^B 

H 

IfflIlISfl 

■!^^B 

a^^a 

aeefiea 

amPs^B 

asi^^a 

■!m!Rm 

amen 

■as^a 

aamn 

^^■Ra 

BSRsaa 

msin 

a^meB 

aeesen 

Beiera 

BBI^B 

B^^^B 

4 

■!^^B 

a^^a 

aeaen 

ampaa 

asi^^a 

Bmaa 

■ais^i 

BPPRISSB 

anesB 

■Rspfn 

Bf^a^e 

mien 

a^^nB 

aeeepn 

BensB 

■asssi 

BBIB 

B^BIB 

H 

■nfim 

■!^^B 

a^^a 

aeiem 

BRPRPa 

aeiefea 

a!Rma 

■RPfiei 

aasen 

am^RB 

RiieRa 

BEiS^n 

mpen 

BsePPfn 

■imSRB 

aaasa 

■asea 

B^^BB 

BBBIB 

B^^^B 

fi 

HlflRIEPB 

■I^^B 

a^^a 

Bcfmea 

amaa 

aeieea 

■!^a^a 

aiRPma 

■aen 

aa^Ra 

anna 

■mspa 

■mpn 

BSRR^H 

aamn 

■imsea 

BeesaB 

^eia^e 

BBM 

7 

■RRcRSS 

■lien 

■sm 

aeiem 

aaaea 

amppa 

■misn 

aimsea 

Beessn 

a^m^B 

Bema 

Baa^e 

Bn^^B 

Beappa 

aeaien 

BSiaia 

Rimsi 

BMBW 

BBiB 

8 

4987.3660 

29.90 

39.90 

30.5456 

30  9788 

36  6828 

29.7617 

29.6448 

34.2285 

34  9631 

34.2218 

31  2448 

27.4149 

28.2939 

29.2549 

29.7881 

29.4729 

29.2183 

29.0716 

29.6714 

30.9231 

29  8943 

29.8798 

9 

60103139 

29  90 

39  90 

30  5180 

30  1696 

32.7296 

29  8804 

29  8713 

31  2898 

31  3184 

312782 

31.0014 

274295 

26  9416 

27  1565 

27  6202 

29  8508 

27  7541 

27  6971 

27  9656 

29  4193 

29  8813 

29  8800 

10 

5007.6372 

29.90 

39.90 

30.5113 

30  1709 

32  7266 

29.8821 

29.8730 

31.2913 

31  3347 

31  2880 

31.0092 

27.4208 

26.9527 

27.1451 

27.6179 

29.8538 

27.7671 

27.6125 

27.9602 

29  4309 

29  SSSS 

29.8844 

11 

5034.4029 

29.97 

39.97 

30.2228 

31.3323 

38  0017 

29.8011 

29.6610 

34.6614 

35  1638 

34  6871 

30  6383 

26.2315 

27.4892 

29.2528 

30.3588 

29.4400 

28.8043 

28.6311 

29.1114 

30.7939 

29  9534 

29.9485 

1? 

6020  9216 

29  97 

39  97 

30  2483 

31  3352 

38  0206 

29  8040 

29  6628 

34  6902 

35  1861 

34  6070 

30  6442 

26  2195 

27  4809 

29  2546 

30  3666 

29  4429 

28  8041 

28  6427 

29  0886 

30  8056 

29  9692 

29  9556 

10 

5008  3901 

29  97 

39  97 

30  2302 

30  9221 

36  1448 

29  8566 

29  7605 

34  4209 

35  0708 

34  2873 

31  8595 

28  1567 

28  9711 

29  8839 

30  3789 

29  6036 

29  8390 

29  6635 

30  4842 

31.1831 

29  9719 

29  9512 

14 

5020  2072 

29  97 

39  97 

30  2301 

30  9216 

36  1340 

29  8565 

29  7588 

34  4215 

35  0707 

34  2764 

31  8511 

28  1433 

28  9730 

29  8919 

30  3794 

29  6094 

29  8354 

29  6535 

30  4845 

31.1920 

29  9746 

29  9576 

IS 

6025  3371 

29  97 

39  97 

30  1960 

30  3084 

33  2384 

29  9285 

29  9185 

32  2437 

32  5277 

32  2761 

31  3808 

27  9455 

274975 

27  5751 

27  8679 

29  9066 

27  8654 

27  6939 

28  0846 

29  8463 

29  9660 

29  9554 

IS 

6027  9899 

29  97 

39  97 

30  1843 

30  3087 

33  2381 

29  9310 

29  9207 

32  2029 

32  6063 

32  2778 

31  3706 

27  9443 

274803 

27  5879 

27  8832 

29  9091 

27  8683 

27  7187 

28  0696 

29  8592 

29  9614 

29  9609 

1 

6021  8903 

29  97 

39  97 

30  0985 

32.3521 

43  2678 

29  6930 

29  4610 

37.4530 

38  0691 

37  0371 

29  8005 

23  2090 

24  8109 

27  5713 

29  7210 

29  1292 

27  4901 

27  2604 

27  7883 

30  6360 

29  9629 

29  9518 

p 

6032  0606 

29  97 

39  97 

301117 

32  3603 

43  2921 

29  6937 

294622 

374432 

38  0601 

37.0527 

29  7968 

23  2147 

24  7961 

27  5589 

29  7112 

29  1299 

27.5017 

27  2689 

27  7890 

30  6311 

29  9731 

29  9527 

3 

6063.9447 

29.97 

39.97 

30.1315 

32  3440 

43  2387 

29.6875 

29.4644 

37.4377 

38  0807 

37  0288 

29  8296 

23.2273 

24.8057 

27.5605 

29.7020 

29.1236 

27  4995 

27.2546 

27.7720 

30  6392 

29  9596 

29.9474 

4 

6010.4288 

29.97 

39.97 

30.1486 

32  3513 

43  2680 

29.6914 

29.4653 

37.4441 

38  1346 

37  1261 

29  8351 

23.2139 

24.8087 

27.5438 

29.7010 

29.1225 

27  4977 

27.2681 

27.7916 

30  6313 

29  9565 

29.9456 

s 

6038  7692 

29  97 

39  97 

30  1870 

32  1605 

42  5564 

29  7191 

29  4923 

37  2671 

38  0496 

36  8890 

30.3516 

23  8365 

25  3709 

27  9511 

29  9447 

29  1630 

27.8023 

27  5651 

28  1489 

30  8556 

29  9400 

29  9401 

6 

6032.9706 

29.97 

39.97 

30.2027 

32  1733 

42  6551 

29.7251 

29.4961 

37.2755 

38  0128 

36  8736 

30.3582 

23.8079 

25.3560 

27.9460 

29.9447 

29.1626 

27  7976 

27.5686 

28.1501 

30  8570 

29  9483 

29.9447 

7 

6055.0102 

29.97 

39.97 

30.2501 

31  9398 

41  7901 

29.7443 

29.5239 

37.1758 

37  8768 

36  8556 

31  0724 

24.6144 

26.1682 

30.2350 

29.1993 

28  2129 

27.9824 

28.6265 

31  0947 

29  9136 

29.9061 

8 

6054  7962 

29  97 

39  97 

30  2623 

31.9867 

41  8369 

29  7534 

29  5235 

37  2065 

37.9004 

36  7865 

31.0796 

246103 

26  1658 

28  5418 

30  2381 

29  2059 

28  2266 

27  9869 

28  6548 

31.1070 

29  9225 

29  9142 

9 

6028.1517 

29.97 

39.97 

30.2574 

31  5687 

40  0862 

29.7717 

29.6044 

36.7605 

37  6688 

36.3219 

32.1895 

26.3496 

27.6735 

29.3721 

30.4376 

29.3347 

29  1294 

28.8910 

29.9314 

31  4926 

29  9346 

29.9191 

10 

6036  6733 

29  97 

39  97 

30  2603 

31  5580 

40.0171 

29  7760 

296134 

36  7555 

37.8489 

36  3593 

32  1985 

26  3569 

27  6705 

29  3831 

30  4403 

29  3437 

29  1315 

28  8940 

29  9393 

31  5071 

29  9467 

29  9261 

11 

6024  5203 

29  97 

39  97 

30  2520 

31.2772 

38  7448 

29  8091 

29  6758 

36  3710 

37  3330 

36.2509 

32  8933 

27  5545 

28  5877 

29  7177 

30  3738 

29  4549 

29  8491 

29  5460 

30  7304 

31  6905 

29  9567 

29  9315 

1? 

6021  1347 

29  97 

39  97 

30  2373 

31  2790 

38  7343 

29  8097 

29  6706 

36  3469 

37  2964 

36  3113 

32  8944 

27  5383 

28  5916 

29  7063 

30  3699 

29  4552 

29  8289 

29  5735 

30  7171 

31  6662 

29  9535 

29  9325 

13 

6053  3305 

29  97 

39  97 

30  1897 

30  4453 

34  6666 

29  9102 

29  8939 

33  2985 

33  8011 

33  3188 

32  1087 

27  0684 

26  4858 

26  5922 

26  9950 

29  8602 

26  9989 

26  7756 

27  3118 

29  7451 

29  9368 

29  9362 

14 

6058  1589 

29  97 

39  97 

30  1924 

30  4465 

34  6739 

29  9126 

29  8957 

33  3492 

33  7949 

33.2920 

32  1293 

27  0563 

26  4872 

26  5970 

27  0220 

29  8647 

27  0140 

26  7935 

27  3477 

29.7593 

29  9445 

29  9439 

15 

6023.7340 

29.97 

39.97 

30.1773 

30  3417 

33  9230 

29.9489 

29.9358 

31.9826 

32  0006 

32  0367 

31  8650 

26.3371 

25.6694 

26.0376 

26.6750 

29.9047 

26.7353 

26.5091 

27.1482 

29.1857 

29  9428 

29.9435 

16 

6029.9694 

29.97 

39.97 

30.1718 

30  3397 

33  9233 

29.9500 

29.9379 

31.9812 

32  0143 

32  0409 

31.6598 

26.3693 

25.6901 

26.0502 

26.6670 

29.8922 

26.7347 

26.4922 

27.1145 

29.2030 

29  9500 

29.9503 

55 
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Corrected  Power 

(HP) 
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Corrected 
Computed  MA 
Mdot(lbm/s) 


Run  # 
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APPENDIX  B.  CROSSFLOW  FAN  GRID  GENERATION  CODE 


Bl.  GRID  GENERATION  FLO++  INPUT  CODE 

//  MESHDEMO 
//  Pre  processing 

//  Demonstrating  different  meshing  techniques 
reset 

//  ***  crossflowfan  :  FI0++  input  file 
//  ***  Insert  your  FI0++  code  here 
reset 
csys  0 

#def  span  1 .5 
#def  spnblk  1 
#def  chordblk  30 
#def  cbr  1 .2 
#def  cscblk  20 
#def  cscr  1.2 
#defclnc6.13 

//  ***  (Template  for  flow  between  parallel  plates) 

////Build  fan  passage  splines////////////////////// 

//vread  c:\vreadl5mod.txt  0  ALL 
wall  yes 

vread  d:\nps\thesis\vreadl5mod_eheng.txt  0  ALL 

vp 

vset  news  vlist  338  339 
vmerge  vset  0.0001 
vset  news  vlist  111  112 
vmerge  vset  0.0001 
vset  news  vlist  211  212 

vmax 

spline  1  vran  vmax  -  436  vmax  -  325  1 
#def  bpl  vmax  -  378 
splmodify  1  modify  bpl  -bpl 
spline  2  vran  vmax  -  325  vmax  -  225  1 
#def  bp2  vmax  -  277 
splmodify  2  modify  bp2  -bp2 
spline  3  vran  vmax  -  225  vmax  -  99  1 
#def  bp3  vmax  -  162 
splmodify  3  modify  bp3  -bp3 

spline  4  vlist  vmax  -  99  vmax  -  89  vmax  -  79  vmax  -  69  vmax  -  59  vmax  -  49  vmax  -  39  vmax  -  29  vmax  -  19  vmax  - 

vmax  -  436 

#def  bp4  vmax  -  49 

splmodify  4  modify  bp4  -bp4 

sp 

vset  all 

vcopy  2  vmax  vset  span  0  0 
vp 

spline  5  vran  vmax  -  436  vmax  -  325  1 
#def  bp5  vmax  -  378 
splmodify  5  modify  bp5  -bp5 
spline  6  vran  vmax  -  325  vmax  -  225 
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#def  bp6  vmax  -  277 
splmodify  6  modify  bp6  -bp6 
spline  7  vran  vmax  -  225  vmax  -  99  1 
#def  bp7  vmax  -  162 
splmodify  7  modify  bp7  -bp7 

spline  8  vlist  vmax  -  99  vmax  -  89  vmax  -  79  vmax  -  69  vmax  -  59  vmax  -  49  vmax  -  39  vmax  -  29  vmax  -  19  vmax  -  9 

vmax  -  436 

#def  bp8  vmax  -  49 

splmodify  8  modify  bp8  -bp8 

sp 

vmax 

/////Build  fan  passage  block/////////////////////// 

cgro  1 

block  1  vmax  -  873  vmax  -  762  vmax  -  662  vmax  -  536  vmax  -  436  vmax  -  325  vmax  -  225  vmax  -  99 
blplot 

blfactors  1  chordblk  cscblk  spnblk  1 
bled  1  1  chordblk  /  2  ebr  chordblk  /  2  1  /  ebr 

bled  1  2  chordblk  /  2  ebr  chordblk  /  2  1  /  ebr 

bled  1  3  chordblk  /  2  ebr  chordblk  /  2  1  /  ebr 

bled  1  4  chordblk  /  2  ebr  chordblk  /  2  1  /  ebr 

bled  1  5  cscblk  /  2  eser  cscblk  /  2  1  /  eser 
bled  1  6  cscblk  /  2  eser  cscblk  /  2  1  /  eser 
bled  1  7  cscblk  /  2  eser  cscblk  /  2  1  /  eser 
bled  1  8  cscblk  /  2  eser  cscblk  /  2  1  /  eser 

blex  1 
view  10  0 
cp 

local  2  cyli  0  0  0  0  90  0  0 
csys  2 

mcrea  4.15  4.2  2  77.97949  84.18  10  0  span  spnblk  1  eser  1 
merea  4.15  4.2  2  84.18  90  10  0  span  spnblk  11/  eser  1 

cp 

mcrea  6  6.1  3  88.2039  94.1432  10  0  span  spnblk  1.5  eser  1 
mcrea  6  6.1  3  94.1432  100.2038  10  0  span  spnblk  1.5  1  /  eser  1 

cp 

save  12 

resu  12 

spldelete  all 
bldelete  all 
cset  news  cgro  1 
vset  news  cset 
vset  unsel 
vdel  vset 
vset  all 
cp 

vedist  all 

//  VCDIST  tell  us  that  we  should  not  merge  closer  than  aprox  0.002181 

vmerge  all  0.002 

vcomp  all 

vedist  all 

cp 

/////Copy  fan  passage  and  build  complete  fan/////// 

cset  news  cgro  1 

local  2  cyli  0  0  0  0  90  0  0 
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csys  2 
cgro  2 

//  Louis:  Copy  in  1  action 

mcopy  30  vmax  0  12  0  active 

vcdist  all 

vmerge  all  0.0015 

vcomp  all 
vcdist  all 

cset  all 
cgro  0 

cgmodify  all 
save  13 
resu  13 

/////Build  fan  clearance  layer///////////////////// 

csys  2 
cgro  2 

mcrea  6.1  clnc  3  0  360  360  0  span  spnblk  1  1  1 

/////Build  Intake/////////////////////////////////////////////////////////////// 
/////Intake  First  Block///////////////// 


spldelete  all 

V  vmax  +  1  0  4.8676 

V  vmax  +  1  0  4.8852 

V  vmax  +  1  0  4.9001 

V  vmax  +  1  0  4.921 1 

V  vmax  +  1  0  4.9415 

V  vmax  +  1  0  4.9571 


csys  3 


csys  2 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

V  vmax  + 

csys  3 


1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 
1  6.1967 


3.726 

3.7369 

3.7228 

3.7142 

3.7136 

3.7183 


125  0 
120  0 
115  0 
1100 
105  0 
100  0 
95  0 
90  0 
85  0 
80  0 
75  0 
70  0 
65  0 
60  0 
55  0 
50  0 
45  0 
40  0 
35  0 
30  0 
25  0 
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vvmax  +  1  0  2.4157-5.6827 
vvmax  +  1  02.4057-5.6731 

V  vmax  +  1  0  2.3921  -5.6666 

V  vmax  +  1  0  2.3789  -5.6648 

V  vmax  +  1  0  2.3645  -5.6673 

V  vmax  +  1  0  2.3603  -5.6574 

csys  2 

V  vmax  +  1  clnc  25  0 

V  vmax  +  1  clnc  30  0 

V  vmax  +  1  clnc  35  0 

V  vmax  -I-  1  clnc  40  0 

V  vmax  +  1  clnc  45  0 

V  vmax  -I-  1  clnc  50  0 

V  vmax  +  1  clnc  55  0 

V  vmax  +  1  clnc  60  0 

V  vmax  +  1  clnc  65  0 

V  vmax  +  1  clnc  70  0 

V  vmax  +  1  clnc  75  0 

V  vmax  +  1  clnc  80  0 

V  vmax  +  1  clnc  85  0 

V  vmax  +  1  clnc  90  0 

V  vmax  +  1  clnc  95  0 

V  vmax  +  1  clnc  100  0 

V  vmax  +  1  clnc  105  0 

V  vmax  +  1  clnc  110  0 

V  vmax  +  1  clnc  115  0 

V  vmax  +  1  clnc  120  0 

V  vmax  +  1  clnc  125  0 

vmax 

vp 

spldelete  all 
#def  bpl  vmax  -  52 

spline  1  vlist  vmax  -  53  -bpl  vmax  -  5 1  vmax  -  50  vmax  -  49  vmax  -  48 
spline  2  vran  vmax  -  48  vmax  -  26  1 
#def  bp3  vmax  -  22 

spline  3  vlist  vmax  -  26  vmax  -  25  vmax  -  24  vmax  -  23  -bp3  vmax  -  21 

spline  4  vlist  vmax  -  21  vmax  -  20  vmax  -  19  vmax  -  18  vmax  -  17  vmax  -  16  vmax  -  15  vmax  -  14  vmax  -  13 
vmax  -  12  vmax  -  1 1  vmax  -  10  vmax  -  9  vmax  -  8  vmax  -  7  vmax  -  6  vmax  -  5  vmax  -  4  vmax  -  3  vmax  -  2 
vmax  -  1  vmax  vmax  -  53 
sp 

csys  3 

vcopy  2  54  vran  vmax  -  53  vmax  1  span  0  0 
vp 

#def  bp5  vmax  -  52 

spline  5  vlist  vmax  -  53  -bp5  vmax  -  5 1  vmax  -  50  vmax  -  49  vmax  -  48 
spline  6  vran  vmax  -  48  vmax  -  26  1 
#def  bp7  vmax  -  22 

spline  7  vlist  vmax  -  26  vmax  -  25  vmax  -  24  vmax  -  23  -bp7  vmax  -  21 

spline  8  vlist  vmax  -  21  vmax  -  20  vmax  -  19  vmax  -  18  vmax  -  17  vmax  -  16  vmax  -  15  vmax  -  14  vmax  -  13 
vmax  -  12  vmax  -  1 1  vmax  -  10  vmax  -  9  vmax  -  8  vmax  -  7  vmax  -  6  vmax  -  5  vmax  -  4  vmax  -  3  vmax  -  2 
vmax  -  1  vmax  vmax  -  53 
sp 

vmax 
bldelete  all 

block  9  vmax  -  48  vmax  -  26  vmax  -  21  vmax  -  53  vmax  -  102  vmax  -  80  vmax  -  75  vmax  -  107 


64 


blfactors  9  50  5  spnblk  3 


blex  9 


/////Intake  Second  Block////////////////////////////// 

vset  none 

csys  3 

vvmax  +  1  04.9571  3.7183 

V  vmax  +  1  0  5.0204  3.7809 
vvmax+  1  0  5.0811  3.8448 
vvmax  +  1  0  5.14263.9136 

V  vmax  +  1  0  5.2094  3.9943 

V  vmax  +  1  0  5.4164  4.2939 

V  vmax  +  1  0  5.6144  4.6854 

V  vmax  +  1  0  5.7769  5.1999 

V  vmax  +  1  0  5.8362  5.7068 

V  vmax  +  1  0  5.7902  6.2869 
vvmax  +  1  0  5.6351  6.9151 
vvmax  +  1  0  5.2369  7.9234 

V  vmax  +  1  0  3.35  11.56 

V  vmax  +  1  0  -3.007  23.8109//// 

//v  vmax  +  1  0  9.16  6.56  //Adjusted  point  from  z=l  1.56 
//v  vmax  +10  11.16  2  //Added  to  adjust  grid 
//v  vmax  +10  11.16  -6.56  //Added  for  smoothness 
csys  2 

V  vmax  +  1  24  1 80  0 

V  vmax  +  1  24  1 70  0 

V  vmax  +  1  24  1 60  0 

V  vmax  +  1  24  1 50  0 

V  vmax  +  1  24  140  0 

V  vmax  +  1  24  1 30  0 

V  vmax  +  1  24  120  0 

V  vmax  +  1  24  1 10  0 

V  vmax  +  1  24  100  0 

V  vmax  +  1  24  90  0 

V  vmax  +  1  24  80  0 

V  vmax  +  1  24  70  0 

V  vmax  +  1  24  60  0 

csys  3 

V  vmax  +  1  0  19.3968  -14.1337//// 

V  vmax  +  1  0  9.16  -1 1.05 

V  vmax  +  1  0  7.07  -10.42 

V  vmax  +  1  0  4.26  -8.21 

V  vmax  +  1  0  2.78  -6.41 

V  vmax  +  1  0  2.53  -6.00  //added  for  continuity 
vvmax  +  1  02.4157-5.6827 

csys  2 

V  vmax  +  1  6.1967  125  0 

V  vmax  +  1  6.1967  120  0 
vvmax+  1  6.1967  115  0 

V  vmax  +  1  6.1967  110  0 

V  vmax  +  1  6.1967  105  0 

V  vmax  +  1  6.1967  100  0 

V  vmax  +  1  6.1967  95  0 

V  vmax  +  1  6.1967  90  0 

V  vmax  +  1  6.1967  85  0 

V  vmax  +  1  6.1967  80  0 
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V  vmax  +  1  6.1967  75  0 

V  vmax  +  1  6.1967  70  0 

V  vmax  +  1  6.1967  65  0 

V  vmax  +  1  6.1967  60  0 

V  vmax  +  1  6.1967  55  0 

V  vmax  +  1  6.1967  50  0 

V  vmax  +  1  6.1967  45  0 

V  vmax  +  1  6.1967  40  0 

V  vmax  +  1  6.1967  35  0 

V  vmax  +  1  6.1967  30  0 

V  vmax  +  1  6.1967  25  0 
vp 

vmax 


spldelete  all 

spline  1  vran  vmax  -  54  vmax  -  41  1 
spline  2  vran  vmax  -  41  vmax  -  27  1 
spline  3  vran  vmax  -  27  vmax  -  21  1 

spline  4  vlist  vmax  -  21  vmax  vmax  -  1  vmax  -  2  vmax  -  3  vmax  -  4  vmax  -  5  vmax  -  6  vmax  -  7  vmax  -  8  vmax  -  9 
vmax  -  10 

spline  4  vlist  vmax  -  1 1  vmax  -  12  vmax  -  13  vmax  -  14  vmax  -  15  vmax  -  16  vmax  -  17  vmax  -  18  vmax  -  19  vmax  - 
20  vmax  -  54 
sp 

csys  3 

vcopy  2  55  vran  vmax  -  54  vmax  1  span  0  0 
vp 

spline  5  vran  vmax  -  54  vmax  -  41  1 
spline  6  vran  vmax  -  41  vmax  -  27  1 
spline  7  vran  vmax  -  27  vmax  -  21  1 

spline  8  vlist  vmax  -  21  vmax  vmax  -  1  vmax  -  2  vmax  -  3  vmax  -  4  vmax  -  5  vmax  -  6  vmax  -  7  vmax  -  8  vmax  -  9 
vmax  -  10 

spline  8  vlist  vmax  -  1 1  vmax  -  12  vmax  -  13  vmax  -  14  vmax  -  15  vmax  -  16  vmax  -  17  vmax  -  18  vmax  -  19  vmax  - 
20  vmax  -  54 
sp 

vmax 
bldelete  all 

block  10  vmax  -  54  vmax  -  41  vmax  -  27  vmax  -  21  vmax  -  109  vmax  -  96  vmax  -  82  vmax  -  76 

blfactors  10  20  50  spnblk  4 

bled  10  1  20  1.1 

bled  10  4  20  1.1 

bled  10  2  20  1  /  1.1 

bled  10  3  20  1  /  1.1 

blex  10 

cset  news  egro  4 
cp 

cset  egro  3 
#defcml  12310 

/////Build  inner  fan  mesh////////////////////////// 

#def  vml  vmax 
egro  1 
csys  2 

V  vmax  +  1  3  135  0 

V  vmax  +  1  4.15  135  0 

V  vmax  +  1  4.15  125  0 

V  vmax  +  1  4.15  115  0 

V  vmax  +  1  4.15  105  0 

V  vmax  +  1  4.15  95  0 
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V  vmax  +  1  4.15  85  0 

V  vmax  +  1  4.15  75  0 

V  vmax  +  1  4.15  65  0 

V  vmax  +  1  4.15  55  0 

V  vmax  +  1  4.15  45  0 

V  vmax  +  1  3  45  0 
vp 

spline  9  vlist  vmax  -  1 1  vmax  -  10 
spline  10  vran  vmax  -  10  vmax  -  1  1 
spline  1 1  vlist  vmax  -  1  vmax 
spline  12  vlist  vmax  vmax  -  1 1 
sp 

vset  none 

vset  news  vran  vmax  -  1 1  vmax  1 
vcopy  2  12  vset  0  0  span 
vp 

spline  13  vlist  vmax  -  1 1  vmax  -  10 
spline  14  vran  vmax  -  10  vmax  -  1  1 
spline  15  vlist  vmax  -  1  vmax 
spline  16  vlist  vmax  vmax  -  1 1 
sp 

block  2  vmax  -  23  vmax  -  22  vmax  -  10  vmax  -  1 1  vmax  -  12  vmax  -  13  vmax  -  1  vmax 
blplot 

blfactors  2  10  spnblk  30  1 
bled  2  1  10  1  /  1.4 
bled  2  2  10  1  /  1.4 
bled  2  3  10  1.4 
bled  2  4  10  1.4 

blex  2 

cset  egro  1 

view  1  0  0 

vset  news  cset 
vp 

cset  news  egro  1 


#def  vm2  vmax  -  vml 

mcopy  4  vm2  0  90  0  active 
cset  news  egro  1 
cp 

/////Build  inner  fan  mesh  center  block///////////// 

vmax 

csys  0 

egro  1 

mcreaO  span  spnblk -2.12132  2.12132  30  -2.12132  2.12132  30  1  1  1 
cset  egro  1 
cp 


vset  news  cset 
vp 

vmerge  vset 
csys  0 

/////Build  LP  cavity/////////////////////////// 
/////LP  First  Block//////////////// 
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vset  none 
vset  news 
csys  3 

V  vmax  +  1  0  2.3603  -5.6574 

V  vmax  +  1  0  2.3645  -5.6673 

V  vmax  +  1  0  2.3516  -5.6744 

V  vmax  +  1  0  2.3407  -5.6866 

V  vmax  +  1  0  2.3344  -5.7035 
vvmax  +  1  02.3351  -5.7205 
vp 

csys  2 

V  vmax  +  1  6.1787  20  0 

V  vmax  +  1  6.1787  15  0 

V  vmax  +  1  6.1787  10  0 

V  vmax  +  1  6.1787  5  0 

V  vmax  +  1  6.1787  0  0 

V  vmax  +  1  6.1787  -5  0 

V  vmax  +  1  6.1787  -10  0 

V  vmax  +  1  6.1787  -15  0 

V  vmax  +  1  6.1787  -20  0 

V  vmax  +  1  6.1787  -25  0 

V  vmax  +  1  6.1787  -30  0 

V  vmax  +  1  6.1787  -35  0 

V  vmax  +  1  6.1787  -40  0 

V  vmax  +  1  6.1787  -45  0 

V  vmax  +  1  6.1787  -50  0 
vp 

csys  3 

V  vmax  +  1  0  -4.8676  -3.8054 

V  vmax  +  1  0  -4.8818  -3.7668 

V  vmax  +  1  0  -4.8459  -3.7542 
vp 

csys  2 

V  vmax  +  1  clnc  -50  0 

V  vmax  +  1  clnc  -45  0 

V  vmax  +  1  clnc  -40  0 

V  vmax  +  1  clnc  -35  0 

V  vmax  +  1  clnc  -30  0 

V  vmax  +  1  clnc  -25  0 

V  vmax  +  1  clnc  -20  0 

V  vmax  +  1  clnc  -15  0 

V  vmax  +  1  clnc  -10  0 

V  vmax  +  1  clnc  -5  0 

V  vmax  +  1  clnc  0  0 

V  vmax  +  1  clnc  5  0 

V  vmax  +  1  clnc  10  0 

V  vmax  +  1  clnc  15  0 

V  vmax  +  1  clnc  20  0 
vp 

vmax 

spldelete  all 
#def  bpl  vmax  -  37 

spline  1  vlist  vmax  -  38  -bpl  vmax  -  36  vmax  -  35  vmax  -  34  vmax  -  33 
spline  2  vran  vmax  -  33  vmax  -  17  1 
#def  bp3  vmax  -  16 

spline  3  vlist  vmax  -  17  -bp3  vmax  -  15 

spline  4  vlist  vmax  -  15  vmax  -  14  vmax  -  13  vmax  -  12  vmax  -  1 1  vmax  -  10  vmax  -  9  vmax  -  8  vmax  -  7  vmax  -  6 
vmax  -  5  vmax  -  4  vmax  -  3  vmax  -  2  vmax  -  1  vmax  vmax  -  38 
sp 

vcopy  2  39  vset  0  0  span 
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vp 

#def  bp5  vmax  -  37 

spline  5  vlist  vmax  -  38  -bp5  vmax  -  36  vmax  -  35  vmax  -  34  vmax  -  33 
spline  6  vran  vmax  -  33  vmax  -  17  1 
#def  bp7  vmax  -  16 

spline  7  vlist  vmax  -  17  -bp7  vmax  -  15 

spline  8  vlist  vmax  -  15  vmax  -  14  vmax  -  13  vmax  -  12  vmax  -  1 1  vmax  -  10  vmax  -  9  vmax  -  8  vmax  -  7  vmax  -  6 
vmax  -  5  vmax  -  4  vmax  -  3  vmax  -  2  vmax  -  1  vmax  vmax  -  38 
sp 

vmax 
bldelete  all 

block  1 1  vmax  -  38  vmax  -  33  vmax  -  17  vmax  -  15  vmax  -  77  vmax  -  72  vmax  -  56  vmax  -  54 
blplot 

blfactors  1 1  5  30  spnblk  5 
blex  1 1 


/////LP  Second  Block///////////////////// 


vset  news  none 

csys  3 

V  vmax 

1 

0  2.3351  -5.7205 

V  vmax 

+ 

1 

0  2.3576  -5.8582 

V  vmax 

+ 

1 

0  2.3791  -6.0989 

V  vmax 

1 

0  2.3753  -6.3741 

V  vmax 

+ 

1 

0  2.3418-6.649 

V  vmax 

1 

0  2.2034  -7.0359 

V  vmax 

+ 

1 

0  1.8774  -7.4162 

V  vmax 

1 

0  1.4134  -7.7727 

V  vmax 

+ 

1 

0  .4909  -7.9588 

V  vmax 

1 

0  -.2726  -7.9034 

V  vmax 

1 

0-1.2811  -7.5651 

V  vmax 

+ 

1 

0-2.0786  -7.1576 

V  vmax 

1 

0-2.8812-6.5783 

V  vmax 

+ 

1 

0-3.5716-5.8094 

V  vmax 

+ 

1 

0-4.21  -4.9431 

V  vmax 

+ 

1 

0-4.6805  -4.188 

V  vmax 

+ 

1 

0  -4.8676  -3.8054 

V  vmax 

1 

0  -4.8676  -3.8054 

csys  2 

V  vmax 

1 

6.1787  20  0 

V  vmax 

1 

6.1787  15  0 

V  vmax 

1 

6.1787  10  0 

V  vmax 

+ 

1 

6.1787  5  0 

V  vmax 

1 

6.1787  0  0 

V  vmax 

1 

6.1787  -5  0 

V  vmax 

1 

6.1787  -10  0 

V  vmax 

1 

6.1787  -15  0 

V  vmax 

+ 

1 

6.1787  -20  0 

V  vmax 

1 

6.1787  -25  0 

V  vmax 

+ 

1 

6.1787  -30  0 

V  vmax 

1 

6.1787  -35  0 

V  vmax 

+ 

1 

6.1787  -40  0 

V  vmax 

+ 

1 

6.1787  -45  0 

V  vmax 

1 

6.1787  -50  0 

csys  3 

V  vmax 

1 

0  2.3351  -5.7205 
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vmax 


vp 

spldelete  all 

spline  1  vran  vmax  -  33  vmax  -  17  1 

spline  2  vlist  vmax  -  16  vmax  -  1  vmax  -  2  vmax  -  3  vmax  -  4  vmax  -  5  vmax  -  6  vmax  -  7  vmax  -  8  vmax  -  9  vmax  -  10 
vmax  -  1 1  vmax  -  12  vmax  -  13  vmax  -  14  vmax  -  15  vmax 
sp 

csys  2 

vcopy  2  34  vset  0  0  span 
vp 

vmax 

spline  3  vran  vmax  -  33  vmax  -  17  1 

spline  4  vlist  vmax  -  16  vmax  -  1  vmax  -  2  vmax  -  3  vmax  -  4  vmax  -  5  vmax  -  6  vmax  -  7  vmax  -  8  vmax  -  9  vmax  -  10 
vmax  -  1 1  vmax  -  12  vmax  -  13  vmax  -  14  vmax  -  15  vmax 
sp 

bldelete  all 

block  12  vmax  -  33  vmax  -  17  vmax  -  16  vmax  vmax  -  67  vmax  -  51  vmax  -  50  vmax  -  34 

blfactors  12  30  10  spnblk  6 

bled  12  1  30  1  / 1.01 

bled  12  4  30  1  /  1.01 

blex  12 

cset  news  egro  6 
cp 

/////Build  Exhaust  Wall///////////////////////////////////////////////////////// 

/////First  Block/////////////////// 

save  22 

resu  22 
vset  none 

cset  news 
egro  4 
vset  none 
#def  vmo  vmax 

csys  3 


V  vmax 

1 

0  -4.8459  -3.7542 

V  vmax 

1 

0-4.8818-3.7668 

V  vmax 

1 

0  -4.8863  -3.7626 

V  vmax 

+ 

1 

0  -4.9088  -3.7547 

V  vmax 

+ 

1 

0  -4.9347  -3.7653 

V  vmax 

+ 

1 

0-4.9454-3.7909 

vp 

csys  2 

V  vmax 

1 

6.2312 

305  0 

V  vmax 

1 

6.2312 

300  0 

V  vmax 

1 

6.2312 

295  0 

V  vmax 

1 

6.2312 

290  0 

V  vmax 

1 

6.2312 

285  0 

V  vmax 

+ 

1 

6.2312 

280  0 

V  vmax 

1 

6.2312 

275  0 

V  vmax 

+ 

1 

6.2312 

270  0 

V  vmax 

1 

6.2312 

265  0 

V  vmax 

1 

6.2312 

260  0 

V  vmax 

+ 

1 

6.2312 

255  0 

V  vmax 

1 

6.2312 

250  0 

V  vmax 

+ 

1 

6.2312 

245  0 

V  vmax 

+ 

1 

6.2312 

240  0 

V  vmax 

1 

6.2312 

235  0 

70 


V  vmax  +  1  6.23 12  230  0 

V  vmax  +  1  6.2312  225  0 

V  vmax  +  1  6.23 12  220  0 

V  vmax  +  1  6.2312  215  0 

V  vmax  +  1  6.2312  210  0 

V  vmax  +  1  6.2312  205  0 

V  vmax  +  1  6.23 12  200  0 

V  vmax  +  1  6.23 12  195  0 

V  vmax  +  1  6.23 12  190  0 

csys  3 

V  vmax  +  1  0  -1.0097  6.1489 

V  vmax  +  1  0  0.0089  6.1376 

V  vmax  +  1  0  0.0089  6.13 

csys  2 

V  vmax  +  1  6.13  305  0 

V  vmax  +  1  6.13  300  0 

V  vmax  +  1  6.13  295  0 

V  vmax  +  1  6.13  290  0 

V  vmax  +  1  6.13  285  0 

V  vmax  +  1  6.13  280  0 

V  vmax  +  1  6.13  275  0 

V  vmax  +  1  6.13  270  0 

V  vmax  +  1  6.13  265  0 

V  vmax  +  1  6.13  260  0 

V  vmax  +  1  6.13  255  0 

V  vmax  +  1  6.13  250  0 

V  vmax  +  1  6.13  245  0 

V  vmax  +  1  6.13  240  0 

V  vmax  +  1  6.13  235  0 

V  vmax  +  1  6.13  230  0 

V  vmax  +  1  6.13  225  0 

V  vmax  +  1  6.13  220  0 

V  vmax  +  1  6.13  215  0 

V  vmax  +  1  6.13  210  0 

V  vmax  +  1  6.13  205  0 

V  vmax  +  1  6.13  200  0 

V  vmax  +  1  6.13  195  0 

V  vmax  +  1  6.13  190  0 

V  vmax  +  1  6.13  187  0 

V  vmax  +  1  6.13  185  0 

V  vmax  +1  6.13  183  0 

V  vmax  +  1  6.13  181.5  0 
#def  dvm  vmax  -  vmo 
save  18 

resu  18 
vp 

spldelete  all 
#def  bpl  vmax  -  59 

spline  1  vlist  vmax  -  60  -bpl  vmax  -  58  vmax  -  57  vmax  -  56  vmax  -  55 

#def  bp2  vmax  -  30 

spline  2  vran  vmax  -  55  vmax  -  29 

splm  2  modi  vmax  -  30  vmax  -  30  *  -1 

spline  3  vlist  vmax  -  29  vmax  -  28 

save  19 


resu  19 
sp 
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spline  4  vlist  vmax  -  28  vmax  *  - 1  vmax  -  1  vmax  -  2  vmax  -  3  vmax  -  4  vmax  -  5  vmax  -  6  vmax  -  7  vmax  -  8 

spline  4  vlist  vmax  -  9  vmax  -  10  vmax  -  1 1  vmax  -  12  vmax  -  13  vmax  -  14  vmax  -  15  vmax  -  16  vmax  -  17 

spline  4  vlist  vmax  -  18  vmax  -  19  vmax  -  20  vmax  -  21  vmax  -  22  vmax  -  23  vmax  -  24  vmax  -  25  vmax  -  26  vmax  - 

27  vmax  -  60 

sp 

vcopy  2  dvm  vset  0  0  span 
#def  bp5  vmax  -  59 

spline  5  vlist  vmax  -  60  -bp5  vmax  -  58  vmax  -  57  vmax  -  56  vmax  -  55 
#def  bp6  vmax  -  30 

spline  6  vlist  vmax  -  55  vmax  -  54  vmax  -  53  vmax  -  52  vmax  -  51  vmax  -  50  vmax  -  49  vmax  -  48  vmax  -  47 
spline  6  vlist  vmax  -  46  vmax  -  45  vmax  -  44  vmax  -  43  vmax  -  42  vmax  -  41  vmax  -  40  vmax  -  39  vmax  -  38  vmax  - 
37  vmax  -  36  vmax  -  35  vmax  -  34  vmax  -  33  vmax  -  32  vmax  -  3 1  -bp6  vmax  -  29 
spline  7  vlist  vmax  -  29  vmax  -  28 

spline  8  vlist  vmax  -  28  vmax  *  -1  vmax  -  1  vmax  -  2  vmax  -  3  vmax  -  4  vmax  -  5  vmax  -  6  vmax  -  7  vmax  -  8 
spline  8  vlist  vmax  -  9  vmax  -  10  vmax  -  1 1  vmax  -  12  vmax  -  13  vmax  -  14  vmax  -  15  vmax  -  16  vmax  -  17  vmax  -  18 
vmax  -  19  vmax  -  20  vmax  -  21  vmax  -  22  vmax  -  23  vmax  -  24  vmax  -  25  vmax  -  26  vmax  -  27  vmax  -  60 
sp 

bldelete  all 

block  13  vmax  -  29  vmax  -  28  vmax  -  60  vmax  -  55  vmax  -  90  vmax  -  89  vmax  -  121  vmax  -  1 16 


bl factors  13  5  70  spnblk  7 
blex  13 

cset  news  cglist  7  2 

VIEW  l.OOOOe+000  O.OOOOe+000  O.OOOOe+000 
VUP  O.OOOOe+000  l.OOOOe+000  O.OOOOe+000 
FOCAL  COORD  2.5000e-001  -6.5494e-001  6.0758e+000 

SCALE  VALUE  4.0470e-001 
cp 

save  23 

resu  23 
autosc  on 
focal  center 

/////Exhaust  Duct  Second  Block//////////////// 
vset  none 
csys  3 

V  vmax  +  1  0  -4.9454  -3.7909 

V  vmax  +  1  0  -7.2027  -3.7909//bp? 

V  vmax  +  1  0  -9.46  -3.7909 
vp 

csys  0 

local  4  cyli  0  -0.57  -2.72  0  90  0  0  0 
csys  4 


V  vmax 

+ 

1 

8.89  -90  0 

V  vmax 

1 

8.89  -95  0 

V  vmax 

1 

8.89-100 

0 

V  vmax 

1 

8.89-105 

0 

V  vmax 

1 

8.89-110 

0 

V  vmax 

+ 

1 

8.89-115 

0 

V  vmax 

1 

8.89-120 

0 

V  vmax 

+ 

1 

8.89-125 

0 

V  vmax 

+ 

1 

8.89-130 

0 

V  vmax 

1 

8.89-135 

0 

V  vmax 

+ 

1 

8.89-140 

0 

V  vmax 

1 

8.89-145 

0 

V  vmax 

+ 

1 

8.89-150 

0 

V  vmax 

+ 

1 

8.89-155 

0 

V  vmax 

1 

8.89-160 

0 
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V  vmax  +  1  8.89  -165  0 

V  vmax  +  1  8.89  -170  0 

csys  3 

V  vmax  +  1  0  -1.0097  6.1489 

V  vmax  +  1  0  -1.0097  6.1489 


csys  2 

V  vmax  +  1  6.23 12  305  0 

V  vmax  +  1  6.23 12  300  0 

V  vmax  +  1  6.2312  295  0 

V  vmax  +  1  6.23 12  290  0 

V  vmax  -I-  1  6.23 12  285  0 

V  vmax  +  1  6.23 12  280  0 

V  vmax  -I-  1  6.23 12  275  0 

V  vmax  +  1  6.23 12  270  0 

V  vmax  +  1  6.23 12  265  0 

V  vmax  +  1  6.2312  260  0 

V  vmax  +  1  6.23 12  255  0 

V  vmax  +  1  6.23 12  250  0 

V  vmax  +  1  6.2312  245  0 

V  vmax  +  1  6.23 12  240  0 

V  vmax  +  1  6.23 12  235  0 

V  vmax  +  1  6.23 12  230  0 

V  vmax  +  1  6.2312  225  0 

V  vmax  +  1  6.2312  220  0 

V  vmax  +  1  6.2312  215  0 

V  vmax  +  1  6.2312  210  0 

V  vmax  +  1  6.23 12  205  0 

V  vmax  +  1  6.23 12  200  0 

V  vmax  +  1  6.23 12  195  0 

V  vmax  +  1  6.23 12  190  0 


vp 

vmax 

spldelete  all 

spline  1  vran  vmax  -  45  vmax  -  43  1 
spline  2  vran  vmax  -  43  vmax  -  25  1 

spline  3  vlist  vmax  -  24  vmax  vmax  -  1  vmax  -  2  vmax  -  3  vmax  -  4  vmax  -  5  vmax  -  6  vmax  -  7  vmax  -  8 

spline  3  vlist  vmax  -  9  vmax  -  10  vmax  -  1 1  vmax  -  12  vmax  -  13  vmax  -  14  vmax  -  15  vmax  -  16  vmax  -  17  vmax  -  18 

vmax  -  19  vmax  -  20  vmax  -  21  vmax  -  22  vmax  -  23  vmax  -  45 

sp 

vmax 
save  44 
resu  44 

vcopy  2  46  vset  0  0  span 
vp 

vmax 

spline  4  vran  vmax  -  45  vmax  -  43  1 
spline  5  vran  vmax  -  43  vmax  -  25  1 

spline  6  vlist  vmax  -  24  vmax  vmax  -  1  vmax  -  2  vmax  -  3  vmax  -  4  vmax  -  5  vmax  -  6  vmax  -  7  vmax  -  8 

spline  6  vlist  vmax  -  9  vmax  -  10  vmax  -  1 1  vmax  -  12  vmax  -  13  vmax  -  14  vmax  -  15  vmax  -  16  vmax  -  17  vmax  -  18 

vmax  -  19  vmax  -  20  vmax  -  21  vmax  -  22  vmax  -  23  vmax  -  45 

sp 

bldelete  all 
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block  14  vmax  -  25  vmax  -  24  vmax  -  45  vmax  -  43  vmax  -  71  vmax  -  70  vmax  -  91  vmax  -  89 

blfactors  14  10  30  spnblk  8 
bled  14  5  30  1  /  1.01025 
bled  14  6  30  1  /  1.01025 
bled  14  7  30  1 
bled  14  8  30  1 
blex  14 

cset  news  egro  8 
cp 

vmax 


/////Build  Exhaust  Wall  Extension////////////////////////////////////////////////// 

csys  3 
vset  none 

V  vmax  +  1  0  -4.9454  -3.7909 

V  vmax  +  1  0 -7.2027  -3.7909 

V  vmax  +  1  0  -9.46  -3.7909 

V  vmax  +  1  0  -4.9454  -8.825 

V  vmax  +  1  0  -7.2027  -8.825 

V  vmax  +  1  0  -9.46  -8.825 
vp 

spldelete  all 
#def  bpl  vmax  -  4 

spline  1  vlist  vmax  -  3  -bpl  vmax  -  5 

spline  2  vlist  vmax  -  5  vmax  -  2 

#def  bp3  vmax  -  1 

spline  3  vlist  vmax  -  2  -bp3  vmax 

spline  4  vlist  vmax  vmax  -  3 

sp 

vcopy  2  6  vset  span  0  0 
vp 

#def  bp5  vmax  -  4 

spline  5  vlist  vmax  -  3  -bp5  vmax  -  5 

spline  6  vlist  vmax  -  5  vmax  -  2 

#def  bp7  vmax  -  1 

spline  7  vlist  vmax  -  2  -bp7  vmax 

spline  8  vlist  vmax  vmax  -  3 

sp 

vmax 
bldelete  all 

block  6  vmax  -  3  vmax  -  5  vmax  -  2  vmax  vmax  -  9  vmax  -  1 1  vmax  -  8  vmax  -  6 
blfactors  6  10  10  spnblk  9 
blex  6 


/////Build  HP  Cavity/////////////////////////////////////////////////////// 
/////HPC  First  Block/////////////// 

csys  0 
csys  3 
vset  none 
vset  news 

V  vmax  -I-  1  0  4.8676  3.726 
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V  vmax  +  1  0  4.8852  3.7369 
vvmax  +  1  04.87573.7578 
vvmax  +  1  0  4.8741  3.7775 

V  vmax  +  1  0  4.8790  3.7954 

V  vmax  +  1  0  4.8871  3.8086 

V  vmax  +  1  0  4.9406  3.8754 


csys  2 


V  vmax  +  1  6.2792 

V  vmax  +  1  6.2792 

V  vmax  +  1  6.2792 

V  vmax  +  1  6.2792 

V  vmax  +  1  6.2792 

V  vmax  +  1  6.2792 

V  vmax  +  1  6.2792 

V  vmax  +  1  6.2792 

V  vmax  +  1  6.2792 

V  vmax  +  1  6.2792 


175  0 
170  0 
165  0 
160  0 
155  0 

150  0//breakpoint 

145  0 

140  0 

135  0 

130  0 


csys  3 

V  vmax  +  10 

V  vmax  +  10 

V  vmax  +  10 

V  vmax  +10 

V  vmax  +  10 

V  vmax  +  10 

V  vmax  +10 

V  vmax  +10 

V  vmax  +  10 

V  vmax  +10 

V  vmax  +  10 


-.0605  6.2789 
.0075  6.2675 
.0329  6.262 
.053  6.249 
.0655  6.2324 
.0729  6.2016 
.0676  6.1767 
.0516  6.1543 
.0324  6.1423 
.0089  6.1376 
.0089  6.13 


csys  2 

V  vmax  +  1 

V  vmax  +  1 

V  vmax  +  1 

V  vmax  +  1 

V  vmax  +  1 

V  vmax  +  1 

V  vmax  +  1 

V  vmax  +  1 

V  vmax  +  1 

V  vmax  +  1 

V  vmax  +  1 
vp 


clnc  175  0 
clnc  170  0 
clnc  165  0 
clnc  160  0 
clnc  155  0 

clnc  150  0//breakpoint 

clnc  145  0 

clnc  140  0 

clnc  135  0 

clnc  130  0 

clnc  127.5  0 


vmax 

spldelete  all 
#def  bpl  vmax  -  37 

spline  1  vlist  vmax  -  38  -bpl  vmax  -  36  vmax  -  35  vmax  -  34  vmax  -  33  vmax  -  32 

spline  2  vlist  vmax  -  32  vmax  -  22  vmax  -  23  vmax  -  24  vmax  -  25  vmax  -  26  vmax  -  27  vmax  -  28  vmax  -  29  vmax  - 
30  vmax  -  3 1  vmax  -  21 
#def  bp3  vmax  -  12 

spline  3  vlist  vmax  -  21  vmax  -  20  vmax  -  19  vmax  -  18  vmax  -  17  vmax  -  16  vmax  -  15  vmax  -  14  vmax  -  13  -bp3 
vmax  -  1 1 

spline  4  vlist  vmax  -  1 1  vmax  -  10  vmax  -  9  vmax  -  8  vmax  -  7  vmax  -  6  vmax  -  5  vmax  -  4  vmax  -  3  vmax  -  2  vmax  -  1 
vmax  vmax  -  38 
sp 
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csys  3 

vcopy  2  39  vset  span  0  0 
vp 

#def  bp5  vmax  -  37 

spline  5  vlist  vmax  -  38  -bp5  vmax  -  36  vmax  -  35  vmax  -  34  vmax  -  33  vmax  -  32 

spline  6  vlist  vmax  -  32  vmax  -  22  vmax  -  23  vmax  -  24  vmax  -  25  vmax  -  26  vmax  -  27  vmax  -  28  vmax  -  29  vmax  - 
30  vmax  -  3 1  vmax  -  21 
#def  bp7  vmax  -  12 

spline  7  vlist  vmax  -  21  vmax  -  20  vmax  -  19  vmax  -  18  vmax  -  17  vmax  -  16  vmax  -  15  vmax  -  14  vmax  -  13  -bp7 
vmax  -  1 1 

spline  8  vlist  vmax  -  1 1  vmax  -  10  vmax  -  9  vmax  -  8  vmax  -  7  vmax  -  6  vmax  -  5  vmax  -  4  vmax  -  3  vmax  -  2  vmax  -  1 
vmax  vmax  -  38 
sp 

vmax 
bldelete  all 

block  7  vmax  -  21  vmax  -  32  vmax  -  38  vmax  -  1 1  vmax  -  60  vmax  -  71  vmax  -  77  vmax  -  50 
bl  factors  7  20  10  spnblk  10 
blex  7 

cset  news  cgro  10 
cp 

/////HPC  Second  BXockllllllllllllllllllllllllllllllllllll 

vset  none 
csys  3 

V  vmax  +  1  0  4.9406  3.8754 

V  vmax  +  1  0  5.29  4.5 

V  vmax  +  1  0  5.59  5.68 

V  vmax  +  1  0  5.29  6.99 

V  vmax  +  1  0  5.05  7.4156 

V  vmax  +  1  0  4.2003  8.3185 

V  vmax  +  1  0  3.3509  8.9136//breakpoint  ????? 

V  vmax  +  1  0  2.9006  9.1322 

V  vmax  +  1  0  2.502  9.2577 

V  vmax  +  1  0  1.77  9.35 

V  vmax  +  1  0  .8759  9.221 

V  vmax  +  1  0  0  8.84 

V  vmax  +  1  0  -.58  8.16 

V  vmax  +  1  0  -.79  7.39 

V  vmax  +  1  0  -.6908  7.0132 

V  vmax  +  1  0  -.5907  6.7994 

V  vmax  +  1  0  -.3601  6.4987 

V  vmax  +  1  0  -.2105  6.3704 

V  vmax  +  1  0  -.0605  6.2789 

V  vmax  +  1  0  -.0605  6.2789 
vp 


csys  2 


V  vmax 

+ 

1 

6.2792 

175 

0 

V  vmax 

1 

6.2792 

170 

0 

V  vmax 

+ 

1 

6.2792 

165 

0 

V  vmax 

1 

6.2792 

160 

0 

V  vmax 

1 

6.2792 

155 

0 

V  vmax 

+ 

1 

6.2792 

150 

0//breakpoint 

V  vmax 

1 

6.2792 

145 

0 

V  vmax 

+ 

1 

6.2792 

140 

0 

V  vmax 

+ 

1 

6.2792 

135 

0 

V  vmax 

+ 

1 

6.2792 

130 

0 
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csys  3 


V  vmax  +  1  0  4.9406  3.8754 
vp 

vmax 

spldelete  all 

spline  1  vran  vmax  -  30  vmax  -  12  1 
spline  2  vran  vmax  -  1 1  vmax  1 
sp 

vcopy  2  3 1  vset  span  0  0 
vp 

spline  3  vran  vmax  -  30  vmax  -  12  1 
spline  4  vran  vmax  -  1 1  vmax  1 
sp 

bldelete  all 

block  8  vmax  -  1 2  vmax  -  30  vmax  vmax  -  1 1  vmax  -  43  vmax  -  6 1  vmax  -  3 1  vmax  -  42 
blfactors  8  30  10  spnblk  11 
blex  8 

cset  news  cgro  1 1 
cset  all 
cp 

view  - 1  0  0 
cp 

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIICQMSUEYE  WITH 

save  33 
resu  33 

/////Merge  vertices  in  non-sliding  cell  groups//////////// 

cset  none 

cset  news  cgro  2 

cset  cgro  3 

cset  cgro  4 

cset  cgro  5 

cset  cgro  6 

cset  cgro  7 

cset  cgro  8 

cset  cgro  9 

cset  cgro  10 

cset  cgro  1 1 

cp 

vset  news  cset 
vmerge  vset  0.0005 

cset  news  cgro  3 
cset  cgro  10 
cp 

vset  news  cset 
vmerge  vset  0.0001 

cset  news  cgro  8 
cset  cgro  9 
cp 

vset  news  cset 
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vmerge  vset  0.0001 
save  66 
resu  66 

/////Find  embedded  cell  sets////////////////////////////// 

cset  news  cgro  3 
vcdis  cset 
cset  cgro  2 
cp 

esfind2  3  0.01  10  11  12 

cset  news  cgro  2 
csys  2 

cset  gxyzrange  56.136.1350  22  0  span 
cset  gxyzrange  5  6.13  6.135  300  360  0  span 
cp 

cp 

esfind2  5  0.02  30  11  12 

cset  news  cgro  5 
cset  cgro  6 
cp 

esfind5  6  0.01  30  11  12 


cset  news  cgro  3 
cset  cgro  4 
cp 

esfind  3  4  0.005  30  11  12 

cset  news  cglist  2  7 
csys  2 
cp 

esfind  2  7  0.02  30  11  12 

cset  news  cgro  2 
cset  cgro  10 
cp 

esfind  2  10  0.05  30  11  12 

cset  news  cgro  7 
cset  cgro  8 
cp 

esfind  8  7  0.02  10  11  12 

cset  news  cgro  7 
cset  cgro  10 
cp 

esfind  10  7  0.0001  10  11  12 

cset  news  cgro  7 
cset  cgro  5 
cp 

esfind  5  7  0.0001  10  11  12 

cset  news  cgro  10 
cset  cgro  1 1 
cp 

esfind  10  11  0.005  30  11  12 
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/////Compress  all  vertex  and  cell  numbers////////////////// 


save  1 
resu  1 

//  Boundaries 
//  Inlet 
cset  none 
cset  cgro  4 
view  1  0  0 
cp 

bface  1  east 
bset  news  bgro  1 
bp 


//  Outlet 
cset  none 
cset  cgro  9 
view  0  0-1 
cp 

bface  2  north 
bset  bgro  2 
bp 


//  Symmetry 

//  Merge  vertices  first  otherwise 

//  boundaries  will  be  created  on  axis 

csys  3 

cset  all 

view  1  0  0 

pltype  hsurf 

cp 

bview  3  10 
view  - 1  0  0 
pltype  hsurf 
cp 

bview  3  10 

//  Attached  boundary  1 
csys  2 

cset  news  cgro  0 

cset  news  gxyzrange  0  6  6.2  0  360  0  span 
view  1  1  1 
cp 

bface  4  east 
bset  news  bgro  4 
bp 

//  Attached  boundary  2 
cset  news  cgro  2 
view  1  1  1 
cp 

bface  5  west 
bset  bgro  5 
bp 

//Attached  Boundary  3 
csys  2 

cset  news  cgro  0 

cset  news  gxyzrange  0  4.15  4.2  0  360  0  span 
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view  1  1  1 
cp 

bface  6  west 
bset  news  bgro  6 
bp 

//Attached  Boundary  4 
cset  news  cgro  1 

cset  news  gxyzrange  1  4.0  4.15  0  360  0  span 
view  1  1  1 
cp 

bface  7  east 
bset  news  bgro  7 
bp 

bset  bgro  6 
bp 

save  2 
resu  2 

movi  on  stand  //yes 
#def  step  1.5e-6  0 
//  Note  1 

//  NB  Watch  out  for  this: 

//  #def  speed  5000  //in  RPM 
//  rather  use  this: 

#def  speed  3000  0  //in  RPM 


unst  on  step  fixed  10  1  //I  1.05 
unst  on  step  adjust  10  1.2  10 

#def  dpt  speed  *  360  /  60  *  step  0 
slide  on 


ssdef  1  2  0  0  speed  /  2  0  arbitr  4  5  0.000001  20  const  0  0  2 

ssdef  2  2  0  0  speed  /  2  0  arbitr  6  7  0.000001  20  const  0  0  1 

ssdef  1  2  0  0  speed  /  2  0  arbitr  4  5  0.0001  10  const  0  0  2 

ssdef  2  2  0  0  speed  /  2  0  arbitr  6  7  0.0003  10  const  0  0  1 

bgdef  4  attach 
20 

bgdef  5  attach 
20 

bgdef  6  attach 
20 

bgdef  7  attach 
20 

//energy  on 
bgdef  3  symm 

bgdef  1  pres 
-3000  300  0.05  0.001 

//bgdef  1  inlet  const 
//2  -12.62  0  0  1.2  0.05  0.001  0.001 
bgdef  2  pres 
0  300  0.05  0.001 
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mdef  0  fluid 


cgdef  0  0 
cgdef 1  0 
cgdef  2  0 
cgdef  3  0 
cgdef  4  0 
cgdef  5  0 
cgdef  6  0 
cgdef  7  0 
cgdef  8  0 
cgdef  9  0 
cgdef 10  0 
cgdef 1 1  0 

save  5 

resu  5 

cset  all 

vset  news  cset 
vset  unsel 
vdel  vset 

vcomp  all 
ccomp  all 
wmesh  .0254 

mate  0 
turb  on 

dens  const  1.204 

//density  ideal  yes  28.7 

vise  const  0.000018 
pgrad  zero 
pref  100000  cml 

rest  init 

iter  60000  100  1000 

//restart  previous  496 

unst  on  le-6  adjust  1  1.5  50 

unst  on  le-6  adjust  0.9  1.2  50 

conv  0.001 

switch  2 1  on 

wdef 

save 

pity  wire 
view  1  2  3 
bset  news  bgro  1 

bset  bgro  0 
bset  bgro  1 
bset  bgro  2 
bset  bgro  4 
bset  bgro  5 
bset  bgro  6 
bset  bgro  7 
bp 
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